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ABSTRACT
Acclimation of Contact Impedance and Wrist-Based Pulsatile Signal Measurements Through
Electrical Bioimpedance
Diego A. Leon
Department of Mechanical Engineering, BYU
Master of Science
The purpose of this research is to expand the understanding of certain properties of electrodes used for electrical bioimpedance measurements. Specifically, this work investigates the
acclimation effect of the of the skin-electrode interface contact impedance. It also attempts to
study the relationship between electrode spacing and amplitude of bioimpedance pulsatile signals.
It was found that as soon as dry electrodes are placed on the skin, the contact impedance
exponentially decreases until it reaches a constant level. The acclimation time, time to reach a
constant contact impedance, is dependent of the electrode size and frequency. Increasing the size of
the electrode, as well as increasing the frequency, decreases the acclimation time. The acclimation
of wet electrodes was also studied, and it was found that changes in contact impedance over time
are negligible in comparison to the amount dry electrodes contact impedance change. However, the
contact impedance of wet electrodes, instead of decreasing, tends to increase just slightly before
reaching a steady state. Electrodes that do not carry current have contact impedance magnitudes
similar to those that carried current after 60 minutes. This acclimation effect seems to be driven by
the moisture level in the skin-electrode interface. As sweat and moisture build up with time when
using dry electrodes, contact impedance decreases; and as the moisture in wet electrodes dries up
with time, contact impedance increases.
Capturing the small bioimpedance changes due to blood flow in the artery proved to be quite
challenging under the circular orientation and with low levels of current injected. Only 5% of all
the pulsatile data acquired had high enough quality to have a discernible pulsatile signal present
on it. From the analysis of this 5% of data there were not conclusive results with regards the effect
of electrode spacing on the pulsatile signal amplitude. However, the placement of the electrodes
relative to the artery did seem to play a role on the pulse signal amplitude since the pulse amplitude
seemed to peak when the center of the 4 electrodes was close to the artery. Pulsatile signal does
not seem to be consistent throughout time; performing the same measurement 50 minutes apart
sometimes resulted in the same or very similar measurements and other time the measurements
were very different from each other. Despite the inconclusive results, the system for switching and
selecting electrodes from an array of multiple electrodes along with the algorithm to determine
the quality of the measured pulsatile signal proved to be efficient and serves as a foundation for
developing a measurement system that can search and identify the the electrode configuration and
placement that results in acquiring high quality signals.

Keywords: electrical biompedance, pulsatile signal, contact impeandance, acclimation time, signal
quality index
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CHAPTER 1.

INTRODUCTION

This research focuses on electrodes used for electrical bioimpedance measurements. More
specifically, the purpose of this research is quantify and measure the effects of different electrode
parameters, such as size, length of application time, spacing, and placement, on the bioimpedance
signals measured. The findings of this research are based on experimental data. Some of these
findings provide more in depth information, not available in the current literature, with regards to
the time-based changes of the skin-electrode interface contact impedance. This chapter reviews the
concept of electrical bioimpedance, the motivation for this research, and some of the initial work
performed at the beginning of the research. The objectives, contributions, and outline of this thesis
are also provided in this chapter.

1.1

Electrical Bioimpedance
Electrical bioimpedance is a minimally invasive technique used to measure properties and

composition of human tissue. Essentially, it works by measuring how much a tissue impedes the
flow of electrical currents [3]. Depending on the frequency of the alternating current (AC) flowing
through the tissue, the measured impedance can tell us about different properties of the measured
tissue, such as fat and muscle percentages [4], hydration levels [5] [6], cancerous tissue [7] [8],
glucose levels [9] [10] , and heart related cardiac properties [11] [1] [12].
The most common way of performing a bioimpedance measurement is with a tetrapolar
electrode configuration, which works by injecting an AC current, at one or multiple known frequencies, to the tissue under test (TUT) through one electrode (CC+), letting the current travel
through the TUT, and then using another electrode (CC-) as the sink to close the circuit and pickup and feed the current back to the circuit. This injected current is commonly know as the reference
or carrier signal. Two other electrodes, PU+ and PU -, are placed close to the region where the
current is injected and they serve as voltage probes that pick-up the voltage drop across the path of
1

the flowing current. This picked-up voltage is also an alternating signal at the same frequency as
the reference signal but with different amplitude and phase and conditioned by the impedance of
the TUT, which is composed of constant and time-varying components. This picked-up signal is
commonly known as the modulated or sensed signal. Fig. 1.1 illustrates a tetrapolar configuration
for electrical bioimpedance measurements on the wrist.

Figure 1.1: Principles of electrical bioimpedance measurements [1]

In order to extract the impedance of the tissue from the sensed signal, principles of I/Q
demodulation are used. Essentially, the reference signal and sensed signal are mixed together
(multiplied) and the new mixed signal is low pass filtered to get rid off the double carrier frequency component. The filtered signal now represents the real or imaginary part of the impedance
multiplied by a constant related to the amplitude of reference signal, which is known and can be
accounted for in order to isolate impedance. The mathematical expressions below illustrate the
principles of mixing and demodulation. The first boxed expression represents the filtered signal
when the sensed signal is mixed with the reference signal. Since the amplitude of the current is
known, it can be accounted for and we are left with the real or resistive part of the impedance.
The second boxed expression is the result of using the quadrature of the reference signal (reference
signal shifted by 90°) in the mixing step and, after accounting for the current, the imaginary or
reactive part of the impedance is left.
Reference Signal:
Io sin(w0t)
Sensed Signal:
Vs = (Z0 + ∆Z(t) ) ∗ Io sin(w0t + φ )
2

Mixed Signal:
= (Z0 + ∆Z(t) ) ∗ Io sin(w0t + φ ) ∗ Io sin(w0t)
=

(Z0 +∆Z(t) )∗Io2
2

∗ (cos(φ ) + cos(2w0t + φ ))

Low-pass Filtered Signal:
=

(Z0 +∆Z(t) )∗Io2
2

((
∗ (cos(φ ) + (
cos(2w
(((0t + φ ))
(

(Z0 + ∆Z(t) ) ∗ Io2
∗ cos(φ )
=
2

If mixed with quadrature of reference signal (Io cos(w0t)):
(Z0 + ∆Z(t) ) ∗ Io2
=
∗ sin(φ )
2
1.2

Motivation
Over the past decade, people in the US and across the world have sought to become more

aware of their personal health and/or fitness levels. With this, wearable devices, such as smartwatch and fitness trackers, are becoming more popular and accessible. Just in 2020, the global
fitness tracker market grew 19.5% to USD 36.34 billion and it is expected to grow to USD 114.36
billion by 2028 [13]. The growing demand for health and fitness wearable devices make electrical bioimpedance a very desirable technology due to all health related information that can be
obtained from its measurements as mentioned above. Multiple literature on the development and
integration of bioimpedance measurement systems in wearable devices has been published over the
past few years [14], [15], [16], [17] and even a couple commercial wearables based in electrical
bioimpedance systems have been released (Jawbone Up4, the AURA strap and band, and InBody
band).
Much of the health related information that can be extracted from bioimpedance measurements, such as glucose levels, are still in R&D stages when it comes to acquiring them using a
wearable packaged system. Our research group had an idea to measure changes in glucose levels
by correlating bioimpedance data with data from a optical spectrometer. In order to do this we first
needed to develop a system that would allow us to perform and get familiar with bioimpedance
measurements. Once the system was built we learned of the importance of the electrodes used
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for interfacing with the skin and its effects on the quality of the bioimpedance signals measured.
Even though there has also been multiple research done on the electrodes used for bioimpedance,
we found a lack of information about the time-based changes of skin-electrode interface contact
impedance and the effect of electrode spacing on the measured signal. This gap needed to filled
in order to proceed with the design and development of wearable wrist-based bioimpedance measurement systems. The section below expands on the system built and the principles learned.

1.3

Initial Work
With the principles of bioimpedance explained previously in mind and using the work

found in previous literature ( [18], [19]) as a guide, an electronic bioimpedance measurement
system was developed. It consisted of two stages: a voltage controlled current source (VCCS)
with a load-in-the-loop topology [20], and a voltage pick-up and amplification stage. Appendix
A shows a schematic of the system. This system allowed us to inject a constant current to the
TUT and pick-up and amplify the voltage. Along with this system we used 3D printed electrodes
wrapped in copper tape to inject the current and pick up the voltage. A function generator was
used to feed a 10 kHz sine wave with a 1 V amplitude to the VCCS, which converted it into a
constant 141 µA RMS AC current. The reference signal as well as the modulated signal were fed
to a NI DAQ box and LabView was used to sample and save both signals. The block diagram of
the LabView VI used is shown in Appendix B. The acquired signals were digitally mixed and lowpass filtered with cut-off frequency of 4 Hz within LabView. This system allowed us to capture
the small changes in voltage due to the small changes in impedance caused by the flow of blood
through the tissue; we refer to this as the pulsatile signal. As blood flows through the arteries of
the tissue, the overall impedance of the TUT decreases just little bit because blood has a higher
conductivity. In order to verify that those changes in the voltage captured were due to blood flow,
we also added to the system an optical sensor that captured the pulse wave on the finger. Fig. 1.2
shows an example of the signals recorded on LabView. On the top row the carrier or reference
signal is plotted on the left, the sensed or modulated signal is on the middle, and the mixed signal
on the right. The middle row plot shows the filtered mixed signal and the bottom plot shows the
filtered signal from PPG on the finger. The pulsatile signal can be seen in both middle and bottom
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plots. The signals in the plots of the top row look like solid rectangles because the carrier frequency
is 10kHz and it is not possible to see the changes in the signal in the time scale used.

Figure 1.2: Bioimpedance and PPG pusatile signals obtained with first measurement system built
and LabView
Due to limitations of the sampling frequency of the DAQ board and low RAM memory of
the PC being used, and the fact that we had to sample three different signals synchronously (the
reference signal, the modulated signal, and the optical signal), we were limited to stay below 10
kHz on the input frequency. However, despite its limitations, the system allowed us to perform
and gather initial bioimpedance measurements from which we were able to learn the following
principles.
• The impedance of the skin-electrode interface, commonly know as contact impedance, plays
a significant role on the quality of the signal, the lower the contact impedance the higher
the quality of the signal [21], [22]. This contact impedance changes with time and this was
noticed because the pulsatile bioimpedance signal captured would become more distinguishable to eye after having worn the electrodes for some time. Fig. 1.3 shows one of the first
long runs during which the impedance signal was captured. The y-axis is the demodulated
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and filtered pick-up voltage. It can be seen how the signal changes over time and at the beginning, because the electrodes are still acclimating, the impedance signal is still changing
making it harder to identify the pulses. During the last 10 seconds the changes have slowed
down and the pulsatile signal is more clear.

Figure 1.3: Initial bioimpedance measurements showing effects of acclimation of contact
impedance.

• The application of a conductive gel on the skin area where the electrodes were placed reduced
the amount of time during which the contact impedance changed and the overall amount it
changed. Fig. 1.4 shows the demodulated voltage for two different instances when nothing
was applied to them (electrodes were dry) and when gel was applied (yellow data). The
amount of time during which the yellow data changes and the change itself are smaller than
for the other two data sets.
• The amount of current injected to the wrist greatly affected the SNR of the pulsatile impedance
signal measured. Fig. 1.5 on the left shows three sample signals measured at three different
amounts of injected current. As the injected current increases the SNR increases and the
pulses become more distinguishable. Also, as shown on the right plot, increasing the current
also increased pulse amplitude.
• Originally, the plan was to use an optical spectrometer and bioimpedance electrodes together
in order to calculated changes in glucose levels. Fig. 1.6 shows some of the possible combinations of how those two could go in a watchband. The bioimpedance electrodes (shown as
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Figure 1.4: Comparison of bioimpedance measurements with and without gel applied.

Figure 1.5: Amount of injected current vs. signal quality and pulse amplitude
green rectangles) could be placed distally along the artery, as shown in cases 1-4, or circularly around the wrist, cases 5-8. Just like in previous works ( [11], [23]), it was found that
the distal orientation of the electrodes over the radial artery was more advantageous than
the circular orientation because the current is able to flow through a bigger section of the
artery, then the changes in impedance due to blood flow are more significant in the distal
placement rather than in the circular placement. Fig. 1.7 shows the pulsatile signal captured
for both placement orientations over the radial and ulnar artery. The distal orientation over
the radial artery better captured the changes in impedance due to blood flow as illustrated by
the amplitude of the pulses. However, because of the limited real state of the band, the group
decided to focus on the circular placement over the radial artery.
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Figure 1.6: Possible arrangement combinations of the optical spectrometer (in orange) and
bioimpedance electrodes (array of green rectangles) on a watchband. Cases 1-4 use a distal placement orientation and cases 5-8 use a circular placement orientation.

Figure 1.7: Bioimpedance pulsatile signals captured using distal and circular placements of the
radial and ulnar arteries.
• The size of the electrode, the placement of the electrodes relative to the artery, and the
spacing between the electrodes also have a significant effect on the measured impedance
signal. The smaller size the electrode the more significant the other two (electrode placement
and spacing) become. Since the group’s goal was to have electrodes fit on a watch band,
we were limited to relatively small sized electrodes in comparison to what had been used
in other works ( approximately 20 mm2 vs. around 100-500 mm2 ). Even though it was
possible to capture pusatile signal with electrodes in our size range, the quality of the signal
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became more dependent to the placement of the electrodes relative to the artery, especially
in a circular orientation placement.
A second measurement system that allowed us to use higher input frequencies was also
prototyped. This system was based on the Analog Devices AD8302 IC [24]. The AD8302 is
an RF gain and phase detector chip which basically took two signals, the reference signal and
the sensed signal, and mixed them and filtered them in analog and the magnitude and phase of
the demodulated signal were then outputted. This IC allowed us to use frequencies higher than
10 kHz because the mixing happened in analog which meant we did not have to sample all the
signals at the Nyquist frequency of the input frequency. However, the liming factors of this system
were the bandwidth of the other ICs used along with the AD8302 such as the instrumentation and
operational amplifiers used. An schematic of the circuitry for system based on the AD8302 can
be found in Appendix C. Fig. 1.8 shows a sample pulsatile signal captured at a higher carrier
frequency, 500kHz.

Figure 1.8: Top: Pulsatile bioimpedance signal with a 500 kHz carrier. Bottom: Optical signal
captured on the finger showing changes due to blood flow as well.

A commercial multi-frequency impedance analyzer from Zurich Instruments was then acquired by the physics department and the research group decided to use this device for all of
research from then on.
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1.4

Research Objectives and Questions
From the principles learned from the initial worked performed we saw a need to better un-

derstand the acclimation of the contact impedance and the effects of electrode spacing on the signal
measured. The research group decided to only focus on the circular placement of the electrodes
over the radial artery and on electrode sizes that would fit in a regular watch band. Therefore, the
remainder of the research performed sought to specifically meet the following objectives.
1. Investigate and measure the effect of electrode size on the acclimation of contact impedance.
2. Investigate whether or not dry and wet electrodes reach the same acclimation level.
3. Investigate the effects of electrode size on the variation of measured contact impedance.
4. Explore the effects of different electrode spacings on the bioimpedance pulsatile signal measured.
5. Determine the optimal electrode spacing configuration to maximize pulsatile signal amplitude.
6. Investigate if measurements of bioimpedance pulsatile signal are repeatable after about some
time if conditions do not change.

1.5

Contribution of the Thesis
The most significant contribution of this thesis is the study performed on the acclimation of

contact impedance and the effect of the electrode size on it. The acclimation of contact impedance
had been noticed on previous works/literature but never expanded upon. This thesis not only does
a deeper study on this but also provides experimental data results that can be used in the design
and development of wrist-based impedance measurements systems.
Another contribution made by this thesis is the development of a metric for quantifying the
quality of the pulsatile bioimpedance signal. Due to the difficult nature of capturing small changes
in the bioimpedance signals, an algorithm able to quantify the quality of the bioimpedance signal
being measured was developed. The algorithm calculates a signal quality index (SQI) for the
measured signal, which allows us to know whether or not there is a pulsatile signal present on
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the measured signal, and if so, how clean the signal is. This algorithm could be used in a system
with multiple electrodes that need to identify the most optimal set of electrodes to use in order to
maximize the quality of the signal acquired.

1.6

Additional related work
In addition to the research described above, a couple of other studies were performed with

regards to bioimpedance. These studies were performed as part of final projects for some of my
course work. My final project for my Kinetics of Materials class was on the relationship between
temperature and the ionic charge flux that happens during electrical bioimpedance measurements.
A paper describing more in detail the project was written and can be found in Appendix D. I
also took an Optimization Techniques class for which my final group’s project was focused on
bioimpedance as well. A sensitivity model based on the electric fields of the current and voltage electrodes was derived and we used a gradient-based optimization algorithm to maximize the
sensitivity over the artery. Appendix E shows the paper describing more in detail that project.

1.7

Outline of the Thesis
Chapter 2 is about the acclimation of contact impedance and it aims to answers objectives

1 through 3 from above. It is written in the format of journal article for the IEEE Transactions on
Instrumentation and Measurements journal. It is divided into its own introduction, methods, results
and discussion, and conclusion sections. Chapter 3 is written in the format of a conference paper
and is focused on the effects of electrode spacing on bioimpedance pulsatile signal and it tries to
answer objectives 4 thorough 6. It is also divided in the same sections as chapter 2. Kyle Larsen,
Nick Allen, Evan Dodson, Brian Jensen and Robert Davis were co-authors of both papers outlined
here in chapter 2 and 3. Chapter 4 concludes this thesis with a summary of the findings from this
research.
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CHAPTER 2.
ACCLIMATION OF SKIN-ELECTRODE CONTACT IMPEDANCE
FOR CARBON NANOTUBE ELECTRODES

2.1

Introduction
Wearable devices have been increasing in popularity over the last few years [25]. Smart

watches and fitness trackers have become part of the accessories people wear on a daily basis. The
accessibility to these devices is promoting a culture of wellness and healthy life styles, allowing
people to be more conscious and informed about their bodies’ health. The most common wristbased wearables have built-in optical and movement sensors that measure body vitals such as heart
rate, blood oxygen levels, and movement. The new Apple Watch S6 also offers an electrical heart
rate sensor that allows the user to get an electrocardiogram (ECG) measurement of the heart by
capturing the electrical impulses across the chest.
The use of electricity for measuring body tissue properties (more commonly known as
bioimpedance) or the electricity generated by human tissue such as of the heart (know as bioelectricity) have been studied for many decades. With the advances and miniaturization of electronic
components over the past couple of decades, the instrumentation required to make bioimpedance
and/or bioelectricity measurements has become small enough to fit in a wearable/portable package and has opened up doors for multiple other applications of this technology. For bioimpedance
some of these applications include heart rate monitoring [26], blood pressure monitoring [11], cancer detection [7], and glucose detection [27] among others (some of these applications are more
developed than others).
Electrical bioimpedance is the property of biological tissue to impede (oppose) the flow of
electrical current. The bioimpedance of human tissue is frequency dependent, with both a resistive
and a reactive part. The most common way of performing a bioimpedance measurement is with
a tetrapolar or four-electrode method, which works by injecting an alternating current (AC) at
one or multiple known frequencies into the tissue under test (TUT) through a pair of electrodes
12

(CC+ to CC-). The current is often measured via a shunt resistor in either the CC+ or CC- branch
of the device and used as feedback to maintain a constant current. A second pair of electrodes,
called pickup electrodes (PU+ and PU-), is used to measure the voltage across a portion of the
TUT. The transimpedance of the TUT is then the pickup voltage divided by the injected current, or
Z = V /I. Ideally, no current should flow into the pickup electrodes because their input impedance
is very high. This is beneficial in reducing the effect of contact impedance on a bioimpedance
measurement. However, because we are studying contact impedance, we will mostly be using
two-electrode impedance measurements. As seen in Fig. 2.1, a two-electrode measurement is
similar to a tetrapolar measurement, but uses a single pair of electrodes for both current injection
and voltage pickup.
The electrodes used for bioimpedance measurements serve as the medium to conduct the
electric current coming from the external circuitry to the tissue. Once inside the tissue, this current
flows in the form of ionic charges that need to reach the other electrode in order to close the
loop of the circuitry used. This interface between the electrode and the skin where the electric
charges transform into ionic charges is of great importance because it directly affects the quality
of the measured signal. We will refer to this interface as the skin-electrode interface, and to the
impedance of this interface as the contact impedance.
There are multiple research papers that have studied and shown the effect of this contact
impedance on the quality of the measured signal [21]. These studies have found that as the contact impedance increases, the signal-to-noise ratio (SNR) decreases, or the quality of the signal
decreases [22]. Because the effect of the contact impedance on the quality of the signal is so significant, there have been various studies on different ways of decreasing contact impedance. Some
of these include increasing the contact area by increasing the electrode size [28], increasing the
pressure with which the electrodes are applied onto the TUT [29], improving skin preparation (removing the stratum corneum by lightly rubbing some abrasive paper against the skin can decrease
contact impedance [30]), and adding some kind of conductive medium between the electrode and
the skin such as electrode gel or sweat to decrease contact impedance as well [31].
There is an aspect of contact impedance that has been mentioned and referred to in different
publications but that has not really been studied as in depth as what has been mentioned in the
previous paragraph. The contact impedance in the instant when the electrodes are first placed on
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the skin is not the same as, and is oftern much higher than, the contact impedance of electrodes
that have been in contact with the skin for some time already. Scheneider [14] showed that for
the first 10 minutes the measurements constantly changed due to the contact impedance changing.
Puurtinen [32] said that there is a 15 to 20 minute period during which the contact impedance is
stabilizing. Searle [33] studied contact impedance over time for four different electrode materials
in a frequency range of 1 to 1000 Hz. As these previous papers noted, there is a period of time
after first putting the electrodes on during which the contact impedance is changing. After some
time the contact impedance seems to stabilize and stays somewhat constant. We refer to this period
of time during which the contact impedance changes as the acclimation period and to the amount
of time during which the contact impedance is still changing before reaching a steady level as the
acclimation time. The mechanism for this change in contact impedance over time is unknown, but
we hypothesize the following potential sources: a change in skin hydration level, deformation of
the skin to allow better contact with the electrodes, or a change in the physiology of the skin due
to the presence of electrical current flow.
The variation of contact impedance as a result of placing the electrodes in different places
within a small region also requires more in-depth study. Ibrahim [34], using an electrode matrix on
a wrist strap, measured the contact impedance of the wrist with various electrodes of the electrode
matrix. His results showed some variance in the measured contact impedance for the different
positions tested, ranging from 5 to 9.6 kΩ. They noted that, because after removing the strap
the areas with lighter electrode impressions on the skin had higher contact impedance values,
the impedance measurements were correlated with the pressure distribution of the strap onto the
electrodes. They hypothesized the increased pressure over some electrodes would increase the
effective contact area and therefore decrease the contact impedance.
In this paper, we aim to study the effect electrode size has on, first, the acclimation of
the contact impedance over time and, second, on the variation of contact impedance measured on
three different placement positions. To do this we designed three different electrode arrays with
16 carbon infiltrated carbon nanotube (CNT) electrodes (two rows of eight electrodes) each. Each
array had CNT electrodes grown to different sizes (2 mm x 2 mm, 2 mm x 4 mm, 2 mm x 16
mm). After successful review from the university’s institutional review board (IRB# F2020-268),
we had 5 different participants wear each of the three electrode arrays continuously for about 60
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minutes while we measured the contact impedance using one pair of electrodes with a conductive
electrode gel applied to the skin, and another pair of electrodes with no gel. We refer to these
as wet electrodes and dry electrodes. The pressure under both, dry and wet electrodes, was also
recorded during those 60 minutes. We used an impedance analyzer from Zurich Instruments to
measure the contact impedance and pressure. At the end of the 60 minute long acclimation test,
without removing the electrode array from the wrist, we switched the pair of electrodes used for
measuring the contact impedance to another pair of electrodes 2.5 mm to the right of the original
electrodes and then we switched again to a third pair of electrodes 2.5mm to the left of the original
pair. The main contributions of this paper can be summarized as follows.
1. Studying the acclimation of the skin-electrode interface contact impedance associated with
CNT electrodes of three different sizes: 2 mm x 2 mm, 2 mm x 4 mm, 2 mm x 16 mm.
2. Studying the effect of electrode sizes smaller than 32mm2 on contact impedance magnitude.
3. Investigating whether dry electrodes reach the same impedance level as wet electrodes over
time.
4. Studying the variation between contact impedance of electrodes that have been on the skin
for the same amount of time as acclimated electrodes but have experienced no current flow.
5. Studying the variation of contact impedance after the electrodes have been removed and
placed back on the wrist multiple times.
6. Suggesting the most likely mechanism for acclimation of contact impedance from the data
acquired.

2.2
2.2.1

Methods
Measurement of contact impedance
As mentioned before, we used a two-electrode setup for measuring bioimpedance. A two-

electrode system measures the contact impedance in addition to the impedance of the internal
tissue. For low frequencies, the two-electrode impedance is dominated by the contact impedance.
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For this reason, we will ignore the tissue impedance and refer to the two-electrode impedance as the
contact impedance. Contact impedance will be measured over time for several pairs of electrodes
in the 16 electrode array.

Figure 2.1: Left: Tetrapolar configuration. Right: Two-electrode configuration.

2.2.2

Electrode array

Electrode sizes
Bioimpedance measurements are typically facilitated by larger electrodes; however, our
goal of integrating into a wearable with other sensors limits the size of electrodes we can use. In
this study, we will use electrode sizes that would fit in regular watchband such as 2 mm x 2 mm, 2
mm x 4 mm, and 2 mm x 16 mm rectangular electrodes.
Array configuration
In addition to studying the effect of electrode size on contact impedance acclimation, we
also wanted to compare the acclimation of dry and wet electrodes. Wet and dry electrodes are
identical, except that the skin on which the wet electrodes were placed was prepared with a salt free
hypoallergenic electrode gel (Spectra 360 Electrode Gel from Parker). Ideally, the only difference
between the dry and wet electrodes would be the moisture level (i.e. whether the electrode had
gel or not). We placed the dry and wet electrodes on the skin at the exact same time and close
to each other so that the tissue underneath both dry and wet electrodes would have the similar
characteristics.
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Two possible electrode placements are shown in Fig. 2.2. Placing them side by side would
result in one of the pairs being closer to the radial bone and the other one to a tendon. Because
the electrical properties of these two regions are very different, any difference in the measured
impedance would not just be due to the moisture of the electrodes. On the other hand, by placing
one pair of electrodes distal to the other pair we can be more confident that any difference in the
measured impedance is dominated by the difference in moisture level since the tissue under each
electrode pair is similar. We used this configuration, illustrated on the right in Fig. 2.2.

Figure 2.2: Left: Wet and Dry electrodes side by side (1 row). Right: Wet and Dry electrodes on
two rows.

Another goal of this study is to investigate the effect of electrode size on the variation of
contact impedance measurements. Because it is common for watch users to remove the watch
throughout the day we want to be able to investigate how the contact impedance varies as the
electrodes get removed from the skin and placed back in the same position as before. Watches also
tend to shift and rotate throughout the day, so we also want to investigate how contact impedance
varies between different placement positions of the electrodes. In order to do this, we decided to
add multiple pairs of electrodes in each row; that way we did not have to physically remove the
electrodes and place them back in a different position (see Fig. 2.3). By having multiple pairs of
electrodes in each row we can consistently “change the placement” of the electrodes by the same
distance and we do not have to wait for the newly placed electrodes to acclimate again. We can
then connect each electrode to a multiplexer and change electronically the pairs of electrodes we
want to use.
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Figure 2.3: Left: Array with just one pair of electrodes for each dry and wet requires removing the
array from the wrist and placing it back in a shifted position. Right: Multiple pairs of electrodes
in both dry and wet rows helps keeping the similar conditions under each pair of electrodes by not
having to remove the array form the wrist to change placement.
Flexible PCB arrays
The final design of the electrode array consisted in two rows of electrodes (one for dry
electrodes and the other for wet electrodes) with 8 electrodes in each rows. With 8 electrodes
there were multiple different placement options for the variation test. We designed three different
flexible printed circuit boards (FPCBs) for each of the three desired electrode sizes (see Fig. 2.4).
We wanted to make the overall width of each row small enough so that the electrodes on each
extreme were on top of similar tissue, avoiding the the bone and tendon on either side of the radial
artery. Because of this we decided on a center-to-center spacing between adjacent electrodes of
2.5mm (overall row width 19.5 mm). The center-to-center spacing between both rows was the
same for all three arrays so that the center of all different sized electrodes would end up in the
same relative position. We chose a large enough center-to-center spacing in between both rows (22
mm) so that when the electrodes are first put on the wrist, we avoid the dry electrodes coming into
contact with the gel that will be put on the wrist where the wet electrodes would go.

2.2.3

CNT electrode arrays
For the design of the electrode array, we chose to use carbon as our electrode material

because of its high chemical inertness and electrical conductivity. We fabricated custom sized
electrodes using the carbon-nanotube-templated microfabrication (CNT-M) process [35], [36] with
carbon infiltration. We chose use the CNT-M process because of the ability to fabricate custom
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Figure 2.4: The three 2 by 8 different size electrode arrays. Left: 2mm x 2mm electrodes. Middle:
2mm x 4mm electrodes. Right: 2mm x 16mm electrodes.
sized structures with a lateral precision of a few microns and a height of several hundred microns.
This height allows the electrodes to apply local pressure to the skin and therefore ensures good
contact. In CNT-M, forests of vertically-aligned carbon nanotubes (CNTs) are grown in a pattern
which acts as a framework for an infiltrant material which fills in the spaces between the nanotubes,
making a solid composite structure. In carbon CNT-M, the infiltrant material is polycrystalline
graphitic carbon deposited by CVD.
In this research carbon CNT-M electrodes were fabricated to match the patterns of the gold
pads on the flexible printed circuit boards (FPCBs). The electrode height was around 500 µm. The
electrodes were then attached to the FPCBs using an anisotropic conductive film (ACF) adhesive
(3M 7303). Fig. 3.4 shows the final CNT electrodes attached to the FPCB used in this study.

Figure 2.5: Final CNT electrodes attached to FPCB used in the acclimation study.
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2.2.4

Measurement system

MFIA
The main instrument used for performing the impedance measurements was the MultiFrequency Impedance Analyzer (MFIA) from Zurich Instruments with the 5 MHz option. The
MFIA allows the user to perform two-terminal and four-terminal measurements. In this study,
we used the two-terminal setup, in which the instrument outputs a driving AC voltage at any
desired frequency (up to 5 MHz) through the Hcur (CC+) channel, and through the Lcur (CC-)
channel it reads the AC current that flows through the device under test or in our case the skinelectrode interface and the tissue (Fig. 2.6). Following the principles of lock-in demodulation,
the measured current gets demodulated by using the driving voltage as the reference signal. With
the demodulated current and the driving voltage the impedance of the system can be calculated as
Z = V /I. By doing this, we are assuming that all of the driving voltage drops across the system,
which not only consists of the skin-electrode interface of both electrodes and the tissue, but it also
includes everything else that is external to MFIA, such as the wiring and the multiplexer board
(explained below).

Figure 2.6: Two-terminal measurement setup as illustrated in the Zurich Instruments MFIA user
manual [2].
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Mux Board
The MFIA can only be connected to one set of electrodes at a time. However, we had
to rapidly switch between the different pairs of electrodes to measure the contact impedance of
the wet and dry electrodes concurrently. We accomplished this with two separate 16:2 channel
multiplexers (MAX14661). The multiplexers allowed us to connect any of the 16 electrodes on
our electrode array to any of the 4 channels. Multiplexer number one (M1) had Hcur and Lcur on
one side and the the 16 electrodes on the other. Multiplexer number two (M2) had Hpot and Lpot
on one side and the the 16 electrodes on the other, as seen in Fig. 2.7. Both M1 and M2 were
controlled via I2C with a ESP8266 ESP-01 microcontroller.
The ESP8266 ESP-01 microcontroller was chosen because of its built-in WiFi capability
that allowed us to switch the multiplexers wirelessly. This was desirable over a physical serial
connection for electronic isolation, which is both necessary for safety and to minimize electronic
noise. A PCB was designed to connect the microcontroller, both multiplexers, a connection for
the cables to the MFIA, a connector for the FPCB electrode arrays, and any other necessary components such as diodes, voltage regulators, current limiting resistors and decoupling capacitors to
prevent high amplitude currents and DC currents from going into the body. We call this board
the MUX board. A simplified schematic of the MUX Board connected to the MFIA is shown in
Fig. 2.7 and the actual MUX board is shown in Fig. 2.8. The MUX board and its battery pack
attached to an elastic band that went around the forearm of the participants (Fig. 2.12) to help
reduce movement.

Figure 2.7: High-level schematic of the MUX board and its connections to the MFIA.
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Figure 2.8: MUX board.
Electrode Array Holder and Band
It is important to keep similar conditions between both rows of electrodes, such as the
characteristics of the tissue below the electrodes, the amount of time electrodes have been on the
wrist, and the pressure. As explained above, the dimensions of the electrode array (the center-tocenter spacing between adjacent electrodes and the spacing between both rows) were chosen to
reduce the difference in tissue characteristics beneath the electrodes. To make sure both rows of
electrodes have been on the wrist for the same amount of time and under similar pressures, we
designed an electrode array holder (EAH) and a band for the EAH that maintains the pressures
under each row similar to each other. The EAH also allows for fine and consistent control over the
applied pressures on the electrodes. Two pressure sensors (one for each electrode row) were also
integrated in the EAH to help monitor the applied pressure under each row of electrodes.
The sensors used for monitoring the pressure were miniature force sensors from SingleTac. The sensors are single element tactile pressure sensors that quantify applied forces, and the
interface board that comes with them offers an analog voltage output that can be read directly with
any DAQ system. The output voltage can be translated into a force value in Newtons, and using
surface area of the sensor we can calculate pressures. The sensors used have a 0 to 10 N range.
The sensor produces very repeatable measurement when the sensing part of the sensors is attached
to a flat rigid part to prevent it from bending and its lead is fixed in any position instead of floating
and moving around.
The design of EAH consists of a rectangular area of the same size as the FPCB electrode
array with the largest electrodes (2 mm x 16 mm). A reference corner was added to the rectangular
area so that when attaching the other two smaller FPCB arrays, the center of the arrays would
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always lineup with the center of the rectangular area. The profile of the pressure sensors were cut
into the rectangular area so that the pressure sensors would fit inside without moving around (see
c in Fig. 2.9). The cut out for each of the sensing parts of both sensors lined up with the center
of where each electrode row would go. Pucks that had a loose fit with the circular cut out for the
sensing part of the sensor were used to secure the sensor in place and to make sure the sensors felt
the forces applied. On the other side of the cut out face we design the housing to secure in place
the interface board of the pressure sensors (see b in Fig. 2.9 for the interface board and d for the
housing design). Housing for keeping the sensor leads from moving was designed as a separate
part, and it would then attach to the side of the interface board housing (see e in Fig. 2.9). On the
same side of the interface board housing, there is a conical post that comes up right from the center
of the rectangular area and ends in a rounded point (see d in Fig. 2.9). This post serves as a fulcrum
between the two rows of electrodes. With the interface boards, the housing for the pressure leads,
pressure sensors, and pucks are all secured in, a layer of 2.38mm thick PDMS of the same size as
the rectangular area was attached to the face of the rectangular area with the cut outs on it. The
purpose of the silicone layer is to help distribute the pressure forces applied to the pucks, since the
pucks raise a little from surface of the rectangular area. The FPCB electrode arrays were attached
to the silicone. See Fig. 2.10 for the final assembly of the EAH.

Figure 2.9: (a) SingleTac pressure sensor. (b) Pressure sensor interface board. (c) View of EAH
showing cut outs for pressure sensors that would go under the middle of each row. (d) View of
EAH showing where the interface board would sit and the post. (e) Housing for the pressure sensor
leads.

The band is design as a watch band with a ratcheting tightening mechanism. On the outer
face of the band there is a rack-like section on which the ratchet buckle locks as the band tightens
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Figure 2.10: (a) Pucks attached to the sensing part of the pressure sensor. They serve as rigid
surface to keep the sensing part from bending and they help transfer the applied forces directly to
the sensor. (b) PDMS attached to the EAH. (c) Final assembly of the EAH.
(see top of Fig. 2.11). On the inner face of the band there are a “dimples” that fit the rounded point
of the EAH post (see bottom of Fig. 2.11). The dimples serve as pivot points for the EAH post.
With the EAH on the tissue and the band around the wrist and over the EAH post, the EAH post
fits into one of the band dimples, and as the band tightens the EAH gets pressed into the tissue. The
pivot point allows for the EAH to rotate about that point so that when there is movement, such as
flexion of the wrist, the EAH can remain parallel to the wrist instead of having one side of the EAH
digging more into the wrist than the other side. This allows for approximately equal pressures on
both the wet and dry electrode arrays. Fig. 2.12 illustrated the overall measurment system setup
for this study

2.2.5

Human Subject Testing and Experimental Procedures
Under IRB# F2020-268 at BYU we were able to have 5 people participate in this study.

The demographics of the participants are shown in Table 2.1. Each participant came in for three
2-hour sessions. For each session we used one of the three different sized electrode arrays. During
each session we performed both acclimation and variation studies. The procedure followed for
each session is explained below and we have divided it in the three subsections: pressure setting,
acclimation study, and variation study.
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Figure 2.11: Top: Outer face of band showing the rack like section of the band. Bottom: inner face
of band showing the dimples on which the post of the EAH fits into.

Figure 2.12: Overall setup for acclimation study

Table 2.1: Demographics of the 5 participants that participated in the study.
ID
1
2
3
4
5

Sex
Age Weight (kg) Height (m) BMI
Male
22
58.5
1.75
19.0
Female 21
76.0
1.67
27.1
Male
27
122.5
1.95
32.0
Male
19
73.5
1.80
22.6
Female 22
58.9
1.60
23.0
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Pressure Setting
As mention before, it was important for us to try to maintain similar pressures between each
row of electrodes and from session to session. At the beginning of each session, before starting
to record the impedance data, we placed the EAH on the wrist of the participant centered on their
radial artery and drew with pen the corners of the EAH and a line in between the top and bottom
electrode rows. The purpose of the markings was so that the EAH could be placed in the same
position throughout all sessions and so that we could know on which side of the dividing line we
had to apply the gel for the wet electrodes. After making the marks the band was placed around
around the wrist, with the buckle on the front of the wrist (where a watch face usually goes). We
fit the EAH post to one of the dimples on the inner face of the band and tightened the band until
we reached a pressure in between 10 kPa and 15 kPa. The way we monitored the pressures was by
reading the voltage output from the pressure interface board with the auxiliary inputs of the MFIA.
Once the desired pressures were reached, the notch to which the buckle locked was marked for
reference so that the band could be pulled to the same notch every time after that ( Fig. 2.11 shows
the notch markings on the band for participants 1 and 5). With the reference marks done the band
and EAH were removed from the wrist.

Acclimation Study
With the markings done and the EAH away from the wrist, we applied a thin layer of gel
on the wrist above the dividing line we drew previously. The EAH was then placed carefully on
the wrist, making sure the the bottom electrode row (dry electrodes) did not come in contact with
the gel on wrist. While holding the EAH in place, the band was wrapped around the wrist and
tightened to the previously selected notch. The participant then found a comfortable position they
could maintain with minimum movement for about 90 minutes. Once the participant was set and
the electronics were powered on, we ran the program that controls the MFIA and MUX board to
do the switching and impedance measurements.
MATLAB R2019a was used to control both the MFIA and MUX Board. Zurich Instruments has a Matlab API that allows programming, control, and recording the signals from the
MFIA. Matlab also allowed us to control the ESP01 microcontroller on the MUX board. The mi26

crocontroller was set up to wirelessly receive the instructions on how to connect the inputs and
outputs of the multiplexers on the board. The Matlab script would first send a command to the microcontroller that corresponded to the pair of electrodes used as the dry electrodes on the bottom
row. After that Matlab would tell the MFIA to do an impedance measurement sweep of 100 points
starting at 1 kHz up to 5 MHz. The results from the sweep would then be saved for further analysis.
We would then switch to the wet electrodes by sending the configuration that corresponded to the
wet pair of electrodes on the top row. We then performed another sweep using the same parameters
as before, and we would save the data as well. Fig. 2.13 shows the electrodes used for the dry and
wet pairs. We repeated this process, switching back and forth between the dry and wet electrodes
and recording the results from the sweeps for 60 minutes, after which we moved to the variation
study.

Figure 2.13: The pair of electrodes in red on the top row work as the wet electrodes for the acclimation study and the pair in the bottom as the dry ones.

Variation Study
For the variation study we studied the effect of electrode size on the variation of the skinelectrode interface contact impedance when the active electrodes were electronically switched to
different positions (2.5 mm to the right of the a initial placement, and 2.5 mm to the left of the initial
placement). We also wanted to investigate how the contact impedance varied as the electrodes were
pulled off the wrist and put back on the wrist again; this was to simulate the putting on and off of
a watch band.
After the 60 minutes, we switched the original pair of electrodes we were using for the
acclimation study to the pair of electrodes to the right of both top and bottom rows. We then
performed a sweep with the same parameters as before with the new dry electrodes electrodes and
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then with the new wet electrodes. After saving the data, we switched to the pair of electrodes to the
left of the original pair on both rows again, performed sweeps, and saved the data for both top and
bottom rows again. Then, we switched back to the middle original pair, did the sweeps, and saved
the data for both rows. Fig. 2.14 shows the dry and wet electrode pairs used for the three different
placement positions. Once we got the impedance data for the three different positions for both
dry and wet electrodes we removed the band and the EAH holder from the wrist of the participant
for 5 minutes, and then we placed the EAH back to where it was before using the markings as a
reference, and we put the band back on again and tightened it to the same notch as before. As
soon as the everything was back on the wrist, we performed contact impedance measurements for
the dry and wet electrodes using the same electrode pairs on the right, left, and middle as done
previously. We the took the band and EAH off for 5 minutes again, and placed them back on to get
one more round of impedance data. After the third round of data everything was removed from the
participant, and that concluded the session. All 5 participant repeated the session three times, with
a different electrode array each time.

Figure 2.14: (a) Wet-left electrode pair (top) and Dry-left electrode pair (bottom). (b) Wet-middle
electrode pair (top) and Dry-middle electrode pair (bottom). (c) Wet-right electrode pair (top) and
Dry-right electrode pair (bottom).

2.2.6

Compensation
To measure the skin-electrode interface contact impedance we used the MFIA two terminal

setup. The two terminal setup measured the impedance of everything external to the MFIA (Zm ),
which includes not only the tissue impedance and the contact impedance of both electrodes (ZCI ),
but also the impedance of the cables used to connect the MFIA to the MUX board, the MUX board
itself including the safety resistors and capacitors, and the FPCB array (combined together as ZS ).
28

Fig. 2.15 shows the schematics of the impedances measured. Because of this, the impedance
measurements recorded from the MFIA were not representative of just the contact impedance.

Figure 2.15: Schematic of the impedances measured under the two-electrode setup.

A simple “short” compensation technique to estimate the actual contact impedance magnitudes was performed. A “short” compensation consists of measuring the impedance of the system
as a short-circuit (represented as ZS in Fig. 2.15) at the same frequencies used during the actual
tests, and subtracting the shorted impedances from the measured impedances Zm . Therefore the
compensated contact impedance being reported, ZCI , would be equivalent to Zm - ZS .
Fig. 2.16 shows the shorted impedance of the system (ZS ) as function of frequency as
well as a sample measured impedance Zm from participant 5 wearing the 2mm x 16mm electrodes
and its compensated impedance values (ZCI ). Because our system’s shorted impedance was comparable to the measured impedance at frequencies above 100 kHz, the compensated impedance
at high frequencies, obtained by subtracting the system’s shorted impedance from the measured
impedance, leaves zero or near-zero contact impedance values, reducing the confidence in the
compensated impedance. Since at these high frequencies the system’s impedance dominates the
measurements, the majority of the results that show compensated contact impedance values only
go up to 10 kHz, which is the frequency range where we are confident that the compensated values
are representative of the contact impedance.
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Figure 2.16: Shorted impedance magnitude of the system at the same frequencies evaluated during
the tests.
However, since the impedance of the system was constant throughout each session, we
attributed the changes in contact impedance over time to the acclimation of the electrodes and the
skin. Therefore, the calculation of the acclimation time (explained below) was done using the
uncompensated measured impedances Zm . Even though acclimation times for higher frequencies
are reported per the previous rationale, the reader is advised to use the results at those higher
frequencies at his/her own judgment.

2.2.7

Acclimation Time
To study the acclimation of the contact impedance we developed a metric that would allow

us to compare the acclimation of dry and wet electrodes and of different size electrodes. As we
plotted the magnitude of contact impedance over time, we saw that the dry data resembled an exponential decay that reached a non-zero constant level. Because of this we performed an exponential
fit to the dry data and used the time it takes for the impedance to reach 5% of its final contact value
as the acclimation time.
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The amount the contact impedance of wet electrodes changes over time is negligible in
comparison to the the changes of dry electrodes. Since the acclimated impedance of wet electrodes
is well within the 5% of its initial measured contact impedance, wet electrodes are considered
acclimated from the beginning. However, wet electrodes, in contrast to dry electrodes, do not
always decrease in magnitude over time; most often they tend to increase slightly before reaching
steady state. See the purple data set in Fig. 2.17 as an example.

2.3
2.3.1

Results and Discussion
Pressure
The pressures recorded for the dry and wet electrodes for all the sessions are shown in Table

2.2. The design of the electrode holder with a post as a fulcrum helped maintain similar pressures
between the dry and wet electrodes for most sessions except for the sessions where participant 2
and 5 wore the 2mm x 4mm electrode array. A probable cause for this significant difference in the
dry and wet electrodes pressures is that the participants had their wrist significantly flexed inward
during these sessions; this would cause the electrodes proximal to the the body (dry electrodes)
to dig into the skin more and therefore have a higher pressure than the distal electrodes (wet electrodes). During the session where participant 4 wore the 2 mm x 16mm electrodes, the wiring to
the interface board of the wet electrodes was not plugged-in all the way and pressure data was not
recorded for the wet electrodes. All the pressures for the sessions of participant 1 are significantly
higher than for all the other participants’ sessions because the band was tightened quite a bit more
than the for the others. Participant 1 had the smallest wrist out of everyone and his bones and
tendons on his wrist were very predominant, raising the electrodes from the skin when placed on
the wrist. In order to make good contact between the electrodes and the skin, we had to tighten the
band more than usual but still with in the tolerance level of participant 1.
Our goal was to maintain similar pressures between the dry and wet electrodes throughout
all the sessions. We were able to maintain similar pressures (+/- 1kPa) between dry and wet
electrodes for the majority of sessions, and two thirds of the sessions had pressures in between
10 and 15kPa. Even thought there were some sessions where the pressures were much higher or
lower than the 10-15kPa range, the effects of electrode size and moisture on the contact impedance
31

Table 2.2: Pressures in kPa for dry and wet electrodes for the three different sized electrodes worn
by all 5 participant.

Participant 1
Participant 2
Participant 3
Participant 4
Participant 5

2mm x 2mm

2mm x 4mm

2mm x 16mm

Dry

Wet

Dry

Wet

Dry

Wet

27.68
13.02
10.46
11.33
10.97

23.97
14.23
11.69
9.12
6.09

28.81
12.44
8.89
9.71
14.96

33.82
6.77
10.71
10.87
4.13

25.23
6.62
15.71
13.93
9.84

28.91
10.33
15.37
11.37

were found to be more significant than the differences in pressure. Fig. 2.17 shows the measured
contact impedance over time for 4 different cases that illustrate that the effects of moisture and
electrode size are more dominant than even a difference in pressure of about 3 times. Blue and
yellow data shows that electrodes of the same size and moisture but of different pressures have
similar impedance. Yellow and purple data are for the same size electrodes and much more similar
pressures than before but the moisture is different; this is the reason why the impedance of the
wet electrodes is much lower than that of the dry electrodes. The main difference between the
yellow and green data is the electrode size; we can see how the smaller size electrode (green
data) has a much larger impedance. These data comparisons are are not using the results from a
single participant, because of these we can not make any definitive conclusions on the effect of
pressure on acclimation time. However, from the data shown in Fig. 2.17, we are inclined to say
that effects of moisture and electrode area seem to be more significant than the effects of pressure
and we consider that we can still compare the contact impedance data between all of the sessions
performed.

2.3.2

Contact impedance over time
Fig. 2.18 shows the measured compensated dry impedance magnitude, resistance, and re-

actance over time at 1kHz for all five participants wearing each each of the three different sized
electrodes. The different components of the dry contact impedance (magnitude, resistance, and reactance) for each participant change over time for all three different electrodes. In order to facilitate
comparison all the subplots are in the same scale; however, it is difficult to visualize the time-based
changes for the larger size electrodes because the impedance magnitudes and the amount they
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Figure 2.17: Effects of pressure on contact impedance
change are smaller for the larger size electrodes. While the real part of the impedance decreases
over time (the impedance becomes less resistive), the imaginary part increases (the impedance becomes less reactive). Since the impedance magnitude is the square root of both real and imaginary
parts squared and added together, the magnitude is always positive. Since the magnitudes of both
real and imaginary parts decrease over time the over all impedance magnitude also decreases with
time, and it is the reactive component of the impedance that dominates the impedance magnitude
more than the resistive part.

2.3.3

Acclimation time
As explained before, acclimation time measures the amount of time it takes for the mea-

sured impedance to reach 5 percent of it its final value. Because the system impedance is constant
throughout time and all the sessions, we expect acclimation time to remain the same or very close
between measured data that includes the system impedance and data that has been compensated
for the the system impedance. Fig. 2.19 shows both the compensated and uncompensated dry
contact impedance magnitude at 1kHz over time for participant 5 when wearing the 2mm x 2mm
electrodes. The exponential decay fit and acclimation times for both, compensated and uncompensated, are the same except for the final value of the acclimated impedance which is lower for the
compensated data set.
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Figure 2.18: Measured compensated contact impedance magnitude, resistance, and reactance over
time at 1kHz for each participant wearing all three electrodes.

Figure 2.19: Acclimation time for compensated and uncompensated measured contact impedance.
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Fig. 2.20 shows a frequency spectrum of the acclimation time for all five participants and
the three different sized electrodes as calculated from the uncompensated results. Each subplot
corresponds to each of the electrode sizes and the y-axis scales for all three subplots are the same
to facilitate comparison. It can be seen from Fig. 2.20 that the acclimation time decreases as
electrode size and/or frequency increases. The variation of the results for all five participants
wearing the same size electrode also decreases as the electrode size increases. After about 100
kHz the measured contact impedance does not change as significantly as before and because the
initial measured impedance is already within 5 percent of its final impedance, the acclimation
time is the same as the time stamp for the first measured impedance. The same happens for wet
electrodes (see purple data set in Fig. 2.17 where the initial impedance is already within 5 percent
of the final impedance.

Figure 2.20: Frequency spectrum of uncompensated acclimation time. Note that since uncompensated data was used fro the calculation of this acclimation times, the data above 100 kHz should
be interpret carefully.

The main differences in acclimation time are due to electrode size. Fig. 2.21 shows the
mean acclimation time for all five participants as a function of electrode area for frequencies at
which we can see significant changes in the contact impedance over time ( frequencies less than
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100kHz). The error bars are calculated from the standard deviation of the data for all the participants wearing the same electrode size and the specific frequency being plotted. We see that
acclimation time decreases more by going from electrode area of 4 mm2 to 8 mm2 (for the frequencies shown the acclimation time decreases on average by 47.5 %) than from 8mm2 to 32mm2
(for the frequencies shown the acclimation time decreases on average by 20.5 %). The decrease in
acclimation time due to frequency is more predominant on the larger size electrodes. The smaller
sized electrodes have similar acclimation times between the low frequencies. The size of the error bars getting smaller as the frequency and electrode size increase indicates that the variation of
calculated acclimation times between all the participants also decreased for larger frequency and
electrode size.

Figure 2.21: Average uncompensated acclimation time for all five participants as a function of
electrode area at 4 different frequencies.

2.3.4

Contact Impedance
Another goal of this study was to investigate whether dry electrodes reach the same ac-

climated impedance as wet electrodes. Fig. 2.22 shows the difference between the compensated
acclimated impedance magnitude of the dry and the wet electrodes as a function of frequency for
all three different sized electrodes worn by Participant 1. As the difference decreases the acclimated impedance of the dry electrodes becomes more similar to that of the wet electrodes. It can
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be seen in Fig. 2.22 that as we increase in electrode size the difference decreases, and therefore
dry and wet impedance are more similar. Increasing in frequency also deacreases the difference
between dry and wet contact impedances.

Figure 2.22: Difference between dry and wet acclimated compensated impedances as a function
of frequency for participant 1.

Acclimated compensated contact impedance magnitude, resistance, and reactance for frequencies low enough where the compensation does not introduce error to the data are shown in
Fig. 2.23 as a function of electrode size. The average acclimated impedance for all five participants wearing the same electrode at a certain frequency is the data plotted. The standard deviation
of those impedances for all 5 participants is used to produce the error bars. The figure clearly shows
that increasing electrode size and/or frequency reduces the overall contact impedance magnitude
as well as the magnitudes of the resistive and reactive parts of the impedance. A larger reduction
of contact impedance due to an increase in electrode size happens at lower frequencies. As the
frequency increases, the effect that the size of the electrode has on the contact impedance becomes
less significant and contact impedances between the different size electrodes become more similar
to each other. We can also see that the variation of contact impedance from participant to participant decreases (size of the error bars) as the electrode size increases and as the frequency increases
as well.
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Figure 2.23: Average acclimated compensated impedance magnitude (A), resistance (B), and reactance (C) for all five participant as function of electrode electrode area for five different frequencies.
2.3.5

Contact Impedance Variation

Variation due to electrode placement
Investigating the variation in contact impedance due to placement of the electrodes was
another goal this study. Fig 2.24 shows the compensated acclimated impedance magnitudes at
1kHz measured at the three different placement positions. The middle position uses the same electrode from the acclimation study, and the left and right positions use the electrodes shifted 2.5mm
left and to right of the original middle position. The shifting of the electrodes are done with the
multiplexers after the 60 minutes of the acclimation test without ever removing the band from the
participants’ wrists. The impedances shown in Fig 2.24 are the averaged acclimated impedance for
all five participants at the different electrodes positions. The standard deviation of the impedance
of all the participants at the different positions is used to calculate the error bars. We can see that
averaged impedance between the three different placement positions are very similar to each other
for each of the different sized electrodes. Just as it has been shown before, the impedance and variation magnitudes also decrease as the electrode size increases. During the experiment the middle
electrode was used to measure contact impedance over the 60-minute acclimation study, but the
left and right electrodes had not previously carried current. This demonstrates that current flow is
not an important contribution to electrode acclimation.
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Figure 2.24: Compensated contact impedance at three different electrode placement positions.
Fig. 2.25 shows the average of the compensated measured impedance for the three different
positions where the electrodes were placed (see Fig. 2.14) for all 5 participants as a function of
electrode size at three different frequencies. The top graph shows the results for the dry electrodes
and the bottom graph for the wet electrodes. Both top and bottom graph are in the same y-axis scale
to facilitate comparison. The dry and wet plots in Fig. 2.25 both show the variation between the
three different electrode placements (represented by the error bars) decreases as the electrode size
increases and the frequency increases. The impedance magnitude and variation due to placement
for the wet electrodes are smaller than that of the dry electrodes.

Variation due to doffing and donning of electrodes
The second part of the variation study simulated the taking off and putting back on a watchband. After measuring the acclimated contact impedance at the three different placement positions,
the electrodes were removed from the wrist for 5 minutes and placed back again at which point
contact impedance was measured again. Once impedance was captured, the electrodes were removed for the second time for 5 minutes and placed back to measure impedance again. Fig. 2.26
shows the average compensated middle electrodes contact impedance for all 5 participants before
the electrodes were removed and after each time the electrodes were removed and placed back for
each of three electrode sizes. For both dry (top plot) and wet (bottom plot) middle electrodes the
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Figure 2.25: Compensated contact impedance variation due to placement of the electrodes as function of electrode area.
average contact impedance and variation increased after each time the electrodes were removed.
However; the overall impedance magnitudes of the wet electrodes still remained lower than those
of the dry ones even after having been removed from the wrist.

Figure 2.26: Compensated contact impedance after removing electrodes each time for the middle
electrode

Fig. 2.27 shows the average impedance of all five participants and its variation (error bars)
before and after the removal of electrodes for each of the three placement positions. Each subplot
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is for one of the 3 different size electrodes. For each of the different placements, the average
impedance and variation increased after removing the electrodes each time. For each of the three
different sizes the impedance of the right electrode placement was higher than the left placement,
which was higher than the middle placement.

Figure 2.27: Compensated contact impedance after removing electrodes each time for three differnt
positions

2.4

Conclusion
As shown in previous literature and throughout this paper, contact impedance decreases

with increasing electrode area. Wet electrodes also result in lower contact impedance than dry
electrodes and its contact impedance tends to increase by less than 5% over time. The effects
of these two, electrode size and moisture, on contact impedance are more dominant than the effects pressure has on contact impedance. Dry contact impedance starts decreasing exponentially
from the time the electrodes first come in contact with the skin. The time it takes for the contact
impedance to reach a “steady” level after which the changes in impedance are less than 5% (acclimation time) is dependent on the electrode size, and frequency. Acclimation time decreases with
increasing electrode area; it decreases by about 47.5% when going from 4mm2 electrodes to 8mm2
but it only decreases by 20.5% when going from 8mm2 to 32mm2 . We would expect that as electrode area increases past 32mm2 the drop in acclimation time will be less significant. We also see
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a decrease in acclimation time as frequency increases; however, after about 100kHz the changes in
contact impedance over time are within 5% of the initial impedance and under our metric they are
considered acclimated. The same applies to the contact impedance of wet electrodes.
The acclimated contact impedance magnitude between electrodes that are adjacent to each
other is very similar to each other even for electrodes that have not carried current previously. Both
the magnitudes and magnitude variation between adjacent electrodes decrease as the electrode size
increases. Removing the electrodes from the wrist also introduces some variation on the contact
impedance. The impedance magnitude and variation increases after each time the electrodes are
removed from the skin for different size electrodes, but for larger size electrodes these changes are
smaller than for smaller size electrodes.
These results suggest the changes in contact impedance over time are most likely not due to
the mechanical settling of the electrodes on the skin (shown by the inprints of the electrodes after
the 60 minute acclimation test) since the contact impedance, after removing the electrode from the
wrist and placing them back on the same position where the inprints were, does not result in the
same magnitude as the acclimated contact impedance. The fact that the adjacent pair of electrodes
to the middle pair used in the acclimation test did not carry current throughout the 60 minute test
but had very similar impedance magnitude as the ones that carried the current at the end of the
acclimation test, suggests that changes in contact impedance are not due to the electrodes carrying
current over time. The dry contact impedance decreasing over time and the wet contact impedance
increasing over time could suggest that these changes can be caused by the moisture level of the
skin-electrode interface. It is possible that as dry electrodes sit on the skin, sweat builds up in the
interface and contact impedance decreases. When wet electrodes are first placed on the skin, the
gel applied is more fresh and with time the gel dries up and contact impedance increases. Another
possibility, is that with time as the electrodes sit on the skin, there exists fluid displacement inside
the tissue. Because the interface moisture was not measured as part of the study, we can not
conclusively state that the interface moisture is the source for the acclimation effect of the contact
impedance, but we are inclined to say that tissue hydration, either external or internal, is a likely
source for the acclimation effect.
Findings in this paper are useful for researchers looking to understand more about the
changes of contact impedance over time. They are also helpful when trying to design a wearable
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package bioimpedance measurement system since the electrodes used on this study easily fits in a
regular watch band. Future work includes fitting measured contact impedance data to commonly
used Cole-Cole electrical circuit models for contact impedance and studying the changes in the
components of the electrical model over time and as a function of electrode size and moisture. We
will also explore the physics/chemistry behind the acclimation effect of contact impedance.
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CHAPTER 3.
EFFECT OF ELECTRODE SPACING ON PULSATILE SIGNAL AMPLITUDE IN TETRAPOLAR BIOIMPEDANCE MEASUREMENTS

3.1

Introduction
Acquiring pulsatile signal due to blood flow in the radial artery through electrical bioimpedance

measurements is a topic that has been published on frequently over the past decade. The measurements are done through a tetrapolar electrode configuration where two of the four electrodes serve
as current injecting electrodes (CU) and the other two as voltage pick-up electrodes (PU). Most of
these papers place the electrodes parallel to the artery (see A on Fig. 3.1) [12], [14], [37], [18], [38],
[39] and very few of them use a circular placement around the wrist (see B on Fig. 3.1) to measure
the pulsatile signals [26], [11]. A parallel placement of the electrodes measures a stronger pulsatile
signal than a circular placement because most of the current injected goes through the artery and
not just the surrounding tissue [23]. However, a parallel placement is not very advantageous for
a wearable device such a smartwatch because watch bands, where the electrodes would go, most
commonly have a width of around 20 mm. For the the studies where a parallel placement is used
the total distance the four electrodes span is greater than 20mm, making the parallel placement of
the electrodes not very desirable for finished products. The circular placement of the electrodes is
more desirable when it comes to integrating the electrodes in a watchband that could be part of a
finished product.
Almost none of the papers where a tetrapolar configuration is used for measuring bioimpedance
pulsatile data explains their reasoning for their electrode spacing used. Fig. 3.2 shows the nomenclature used in this paper for the spacings between each of the four electrodes. Huynh et al. [11]
used a circular placement configuration with 10mm CU-PU spacing and 25mm PU-PU spacing.
This spacing was chosen because arteries are not exactly in the middle of the wrist. Most spacing
configurations found in the literature have the four electrodes evenly spaced, CU-PU equal to PUPU. There are some papers that give some guidelines for electrode spacing and/or dimensions to
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Figure 3.1: Parallel vs. Circular electrode plament. (A) Electrodes placed parallel to the radial
artery. (B) Electrodes with circular placement around the wrist.
improve the signal-to-noise ratio (SNR) of bioimpedance signals in general and of sensitivity but
none specifically to improve pulsatile signal.

Figure 3.2: Nomenclature used for the spacings between each electrode in a tetrapolar configuration.

Brown et al. [40] described some modeling which showed that in a semi-infinite homogeneous medium with four electrodes, the maximum sensitivity averaged over a plane is found at a
depth approximately equal to one third of the distance between the two current injection electrodes.
Ivorra et al. [41] gave some guidelines for the design of tetrapolar electrode arrays. They derived
an equation (eq. 3.1) for the voltage drop across the voltage pickup electrodes as a function of
the electrode spacing. In the equation shown V is voltage drop, I is the injected current, ρ is the
sample resistivity, a is the CU – PU electrode spacing, and b is the PU – PU electrode spacing.
Then, decreasing “a” while keep the overall length the same increases the voltage difference and
the SNR will improve. It is also recommended using electrodes as large as possible to decrease
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contact impedance, specially for the current injecting electrodes, and having the impedances of the
inner electrodes well match by using the same geometry.
V=

1
b
∗ρ ∗
∗I
4π
a(a + b)

(3.1)

Anand et al. [42] modeled in ANSYS HFSS a section of the human forearm that included
skin, fat, muscle, and the artery. The impedances of the modeled forearm using 4 electrodes
(6.5mm CU-PU, 11mm PU-PU) at three different artery diameter sizes to simulate the blood
flowing and expanding the artery were measured. The plots in the papers show a difference in
impedance values as the artery changes in size which translates to a pulsatile signal.
Our interest in measuring pulsatile signals through bioimpedance comes from our groups’
desire to measure blood glucose levels through bioimpedance. A first step before measuring glucose levels in the blood is making sure our measurements are focused on the artery. We can
focus our measurements to any desired region by increasing the sensitivity distribution over that
region [3], [23]. In a tetrapolar setup the sensitivity distribution is directly affected by the electrode
geometry and the spacings between the four electrodes. We want to study and measure the effects
of electrode spacing on sensitivity. We hypothesize that a higher sensitivity over the artery would
lead to a pulsatile signal of higher amplitude.
In this paper, we aim to study the effect of the CU-PU electrodes spacing and PU-PU electrodes spacing on pulsatile signal amplitude measured through electrical bioimpedance with the
electrodes placed in a circular configuration around the wrist over the radial artery. To do this we
designed an electrode array with 16 carbon-infiltrated nano tubes (CNT) electrodes on it. The purpose of having multiple electrodes is so that we can select any 4 of the 16 electrodes to be the active
electrodes through which we inject the current and pick up the voltage; this way all the electrodes
have been on the skin for the same amount of time and contact impedance is the same for each
electrode. The 16 electrodes were connected to a couple of multiplexers and using a microcontroller we chose different configurations of 4 electrodes, each configuration with different spacings
in between the electrodes, and recorded the pulsatile signal for each configuration. A method to
quantify the quality of the measured impedance signal was also developed. After review from the
university’s institutional review board (IRB# F2020-268), a total of 12 different spacing configu-
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rations were tested four times on 5 different participants (twice per session over two sessions for
each participant). The purpose of testing the same configuration twice on the same session was to
investigate if the results were repeatable after a few minutes without removing the electrodes from
the wrist. The aims of this paper can be summarized as follows.
1. Develop a method for quantifying the quality of pulsatile signal acquired through bioimpedance
measurements.
2. Studying the effect of electrode position relative to the radial artery on the pulsatile signal
amplitude.
3. Investigating the effect of electrode spacing on pulsatile signal amplitude in a circular configuration placement around the wrist.
4. Studying whether or not the signals measured are repeatable after wearing the electrodes for
about 50 minutes.

3.2
3.2.1

Materials and Methods
Measurement of Pulsatile Signal
Two methods were used to measure pulsatile signal in this study, impedance plethysmog-

raphy (IPG), based in electrical bioimpedance measurements, and photoplethysmography (PPG),
an optical approach. The IPG signal is the primary signal we are interested in and the one used to
calculate the pulse amplitude. The PPG signal is a referenced signal that we also captured to help
with the algorithm for calculating the quality of the IPG signal.

Impedance Plethysmography
Impedance plethysmography is based on the principles of electrical bioimpedance. In a
tetrapolar electrode configuration we have two CU electrodes through which we inject a current
and the other two PU electrodes through which we read voltage changes on the wrist. These
voltages changes are due to the impedance changes of the tissue volume being measured. In this
study the volume changes being captured are mainly due to blood flow in the arteries since we
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can assume that the tissue surrounding the arteries changes at a much slower rate than the cardiac
cycle. Because blood is more conductive than the tissue surrounding the arteries, the cardiac cycle
modulates the impedance changes. During the systolic phase of the cardiac cycle, when heart
contracts to pump blood out and the blood rushes through the arteries, the overall impedance of the
tissue being measured decreases, and as the heart relaxes (diastolic phase) the measured impedance
rises again. Because of Ohm’s Law (V = I ∗ Z), those impedance changes translate directly to the

voltage changes we read through the PU electrodes. This way blood flow modulates the changes
of voltage being measured and a pulsatile signal can be acquired.

Photoplethysmography
Photoplethysmopgraphy is the current standard when it comes to capturing cardiac signal
on a wearable device. It works by shinning a light into the tissue and measuring the amount of
light that gets absorbed or reflected using a of photo detector. As blood flows through the tissue
the amount of light that gets absorbed or reflected changes and the voltage read from the photo
detector is modulated by the cardiac cycle.

3.2.2

Electrode Array

Electrode Size
The size of the electrodes for this study were chosen based on the future goal of performing
bioimpedance measurements on the wrist with a wearable device such as a smartwatch. Because
of this and the fact that we are trying to focus our measurements to the radial artery, we want the
electrodes to fit a common size watch band. Watch band can range from 12mm to just over 20
mm in the distal dimension. We chose rectangular electrodes that are 2mm by 10mm (20mm2 )
in the radial and distal dimension of the wrist (see Fig. 3.3) so that the electrodes could still fit
a smaller size band. We chose 20mm2 instead of a smaller size because our research group has
shown in another study that in the low kilo Heartz range (1 - 100 kHz) there is significant decrease
of skin-electrode interface contact impedance when the electrode area is larger than 8mm2 .
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Flexible PCB array
Because we wanted to test different spacing configurations without having to physically
switch out electrodes arrays with different pre-set spacings from the skin, we decided to instead
use one array with multiple electrodes on it (16 electrodes total). This allowed us test different
spacing configurations by selecting any four of the 16 electrodes while avoiding introducing other
variables to the measured data. The variables we wanted to avoid introducing were the amount of
time each configuration was on the skin before capturing the data and the pressure under which
each configuration was tested. Placing the electrode array on the skin at the same time and under
the same pressure would allows to avoid introducing those variables. The center-to-center pitch
between each of the 16 electrodes was 2.5mm; this was so that the 16 electrodes span from the
radial bone to the tendon in different sized wrists. A flexible printed circuit board (FPCB) with
pads with the dimensions of the desired electrodes was made. Fig. 3.3 shows the FPCB array of
electrodes for this study.

Figure 3.3: FPCB electrode array used in pulsatile study.

CNT Electrodes
For the design of the electrode array, we chose to use carbon as our electrode material
because of its high chemical inertness, hardness, and good electrical conductivity. We fabricated
custom sized electrodes using the carbon-nanotube-templated microfabrication (CNT-M) process
[35], [36] with carbon infiltration. We chose the CNT-M process because of the ability to fabricate
custom sized structures with a lateral precision of a few microns and a height of several hundred
microns. In CNT-M, forests of vertically-aligned carbon nanotubes (CNTs) are grown in a pattern
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which acts as a framework for an infiltrant material which fills in the spaces between the nanotubes,
making a solid composite structure. In carbon CNT-M, the infiltrant material is polycrystalline
graphitic carbon deposited by thermal chemical vapor deposition (CVD).
In this research, carbon CNT-M electrodes were fabricated to match the patterns of the gold
pads on the flexible printed circuit boards (FPCBs). The electrode height was around 500 µm. The
electrodes were then attached to the FPCBs using an anisotropic conductive film (ACF) adhesive
(3M 7303). Fig. 3.4 shows the final CNT electrodes attached to the FPCB used in this study.

Figure 3.4: Final CNT electrodes attached to FPCB used the pulsatile study.

3.2.3

Measurement System

MFIA
The Multi-Frequency Impedance Analyzer (MFIA) from Zurich Instruments was the main
instrument used for this study. The MFIA can be configured to work as a 4-terminal setup (see Fig.
3.5). The 4-terminal setup of the MFIA works by outputting a known AC voltage at a set frequency
through the Hcur channel and feeding it back to the MFIA through the Lcur channel after it has
gone through the system and device under test (DUT) that is being measured. On the other side of
the Lcur channel there is an ampmeter that measures the amount of current that is flowing through
the system. This is ampmeter is necessary because the current flowing between the Hcur and Lcur
channels is not controlled so it needs to be measured at all times. The Hpot and Lpot channels
serve as high-input impedance probes that measure the voltage. Since the voltage and “current”
channels are independent from each other and do not share the same electrodes, and due to the high
input impedance of the MFIA specially at the kilo Hertz frequency range, the effects of the contact
impedance can be minimized and the voltage measurements are dominated by the impedance of
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the tissue itself. The demodulated voltage drop across the Hpot and Lpot channels, as well as the
demodulated current on the Lcur channel, can be captured with the MATLAB API for the MFIA.

Figure 3.5: Four-terminal circuit for impedance measurements [2].

MUX Board
In order to select any 4 of the 16 electrodes in the array we connected each of the 16 electrodes to two 16:2 multiplexers IC’s. Both multiplexers were 16:2 MAX14661 multiplexers from
Maxim Integrated. We connected Hcur and Lcur channels to one of the multiplexers (M1) and
Hpot and Lpot channels to the other multiplexer (M2). Both M1 and M2 muxes were controlled
via I2C with an ESP8266 ESP-01 microcontroller. This controller was chosen because it allowed
us to switch the muxes wirelessly via WiFi. A web server from which the microcontroller would
receive the commands to switch the multiplexers was set up and MATALB was used to send the
configurations to the server. The WiFi microcontroller helped us avoid electronic noise that would
have otherwise come from the USB cable that connected the microcontroller to the PC. Both multiplexers and the microcontroller were on a PCB board, which we call the MUX board, along with
some other electronics componets such as diodes, voltage regulators, and some current limiting resistors and coupling capacitors to get rid of any DC currents. The safety resistors were especially
necessary because the MFIA does not use a voltage controlled current source so we placed some
safety measures in the circuitry. A high level schematic of the MUX board is shown in Fig. 3.6
and a picture of the final laid out mux board is shown in Fig. 3.7. The MUX board and its battery
pack were attached to a forearm band the participants would wear to secure everything and avoid
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the disconnection of the FPCB electrodes from the MUX board. Fig. 3.9 shows the overall setup
with the MUX board attached to the forearm band.

Figure 3.6: High level schematic of the MUX board and its connections to the MFIA.

Figure 3.7: Actual MUX board used.

Band
In order to secure the electrode array on the wrist we used a band with a ratcheting tightening mechanism. One end of the band was a rack-like section to which the ratchet buckle locked as
the band tightened (see top picture in Fig. 3.8). Because we wanted to maintain similar pressures
through out the all sessions during which we performed the tests, we integrated a single element
tactile pressure sensor from SingleTac to monitor the pressure under the electrodes as we tightened
the band. This pressure sensor connected to its own interface board which outputted an analog
voltage which we read with one of the two auxiliary input channels on the MFIA. This analog
voltage output was translated into a force quantity in Newtons between 0 -10 N, which was then
converted into pressure units by using the area of the sensing part of the pressure sensor (201 mm
2 ).

A housing for the interface board was designed to keep the lead of the sensor from changing
52

bend angles and to create a rigid surface to which the sensing part could attach; these two were
suggested to get reproducible consistent measurements when using this sensor. A puck of the same
diameter as the sensing area was used to transfer the forces applied on the electrodes to the sensor.
A 2.38 mm thick rectangular piece of PDMS of the same width and length as the electrode array
was attached to the inner face of the band against the puck to help distribute the forces. The FPCB
electrodes were then attached to the other face of the silicone. Fig. 3.8 shows band used in the the
study and Fig. 3.9 shows how the band integrates with the overall setup.

Figure 3.8: Top: Top view of the band, rack-like section of the band is on the right end of the
band. Middle: Bottom view of the band showing electrodes attached. Bottom-left: Interface board
and housing. Bottom-right: Electrode attached to PDMS attached to the board. Pressure sensor is
between the PDMS and the white band.

PPG sensor
A commercial PPG sensor from BIOPAC Systems was also used to acquire pulsatile signals
(TSD200). The pulsatile signal from the PPG sensor served as a reference signal to facilitate the
analysis of the recorded IPG signal. The PPG sensor was attached to the index finger of the same
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hand where the electrodes were attached to. The PPG sensor had an analog voltage out that was
modulated by the cardiac cycle and which we read using the remaining auxiliary input channel in
the MFIA. Both IPG and PPG signals were recorded synchronously. Fig. 3.9 shows the overall
setup with the PPG sensor included.

Figure 3.9: Overall setup of the measurement system used in the pulsatile study.

3.2.4

Experimental testing procedure
Under IRB# F2020-268 at BYU we were able to have 5 people participate in this study.

The demographics of the participants are shown in Table 3.1. Each participant came in for two
2-hour sessions. For each session we used the same electrode array and we followed the same
procedures; the purpose of repeating the same session was to test repeatability of results. The procedure followed for each session is explained below and we have divided it in the two subsections:
pressure setting and pulsatile study.

Pressure setting
As mentioned before we tried to maintain similar conditions from session to session. When
dry electrodes first come in contact with the skin, the contact impedance is very high and it decreases with time until it acclimates and remain quasi constant. Since the MFIA outputs a constant
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Table 3.1: Demographics of the 5 participants that participated in the study.
ID
1
2
3
4
5

Sex
Age Weight (kg) Height (m) BMI
Female 25
56.7
1.67
20.2
Male
23
108.9
1.67
32.5
Female 44
61.7
1.52
26.6
Male
60
83.9
1.80
25.8
Female 19
49.9
1.67
17.8

voltage instead of a constant current, as the contact impedance decreases more current is allowed
to flow through the system. In order to mitigate this constant change in current and have similar
amounts of current throughout each 2-hour session, we implemented a physical and a software
solution.
The physical solution was applying a thin layer of conductive gel on the skin before the
placing the electrodes on the wrist. On a contact impedance acclimation study performed by our
research group, it was found that for 16 mm2 electrodes at 50 kHz when gel is applied on the
skin, the amount contact impedance changes after first donning of the electrodes on the skin are on
average less than 20% from its final value and that after 10 minutes contact impedance changes by
less than 10% on average. Fig. 3.10 shows sample contact impedance data at 50kHz for 16 mm2
electrodes with gel (wet) and 16 mm2 electrodes without gel (dry) taken on a participant for the
acclimation study. The figure shows a large impedance change over time when dry electrodes are
used versus a smaller change when wet electrodes are used (412% vs 12.5% total change between
initial and ending impedances). After 10 minutes, the wet electrodes impedance only changes by
1.5% with respect to the final wet impedance value. Therefore, applying gel reduce the contact
impedance changes allowing for a more constant current flow through the tissue.The software
solution consisted in a simple feedback loop explained more in detail in the next subsection. As
soon as the participant came in we put on a thin layer of gel on their wrist and then proceeded to
set the pressure of the electrodes. To set the pressure, we monitored the applied pressure as we
tightened the band; once the applied pressure was within 10 to 15 kPa we marked the notch to
which the band was tightened to for future reference.
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Figure 3.10: Comparison between dry and wet contact impedance magnitude at 50kHz with
16mm2 electrodes.
Pulsatile study
Once the pressure was set and the band marked, the PPG sensor was placed on the index
finger of the patient and the remaining components were powered on. Once everything was ready
we waited for ten minutes from the time the gel was first applied and the electrodes were placed
on the skin before starting the testing of the different spacing configurations. We decided to wait
ten minutes to ensure those initial fast changes in contact impedance have stopped.
The 12 configurations tested were different combinations of CU-PU and PU-PU spacings
as shown in matrix in Fig. 3.11. We refer to each possible combination as spacing configuration 1
through 12. Configuration 1 corresponds to the one on the top-left of the matrix and continuous as
we go from left to right. For each combination we actually tested all the shifts required to sweep
from one end of the electrode array to the other end. Fig. 3.12 shows an example for the first
spacing configuration from the previous matrix where the four electrodes start at the right and then
we shift them by one electrode to the left at a time until the end of the array was reached. For this
combination there are 13 possible shifts, but the number of shifts varies for each different spacing
combination. The purpose of sweeping each configuration across the electrode array was to study
the effect of placement of electrodes relative to the artery because an actual watch band tends to
rotate and the probability of the electrodes always being centered on the artery are minimal.
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Figure 3.11: Matrix showing the 12 different spacing configurations tested. From top to bottom
the CU-PU electrode spacing increases 1 gap at a time (2.5 mm center-to-center). From left to
right the PU-PU electrode spacing increases 1 gap at a time (2.5 mm center-to-center).

Figure 3.12: Shifting of one of the spacing combinations one electrode to the right at time until the
whole array was swept and the other end was reached.
Including all the possible shifts for each of the 12 different spacing configurations, we
tested a total of 114 shifts. All 114 shifts were tested twice during each 2-hour session. We did
all 114 shifts once and then went back to the first shift and started over; each time we recorded 20
seconds of pulsatile signal (demodulated voltage pick up) for each shift. The purpose of testing all
the shifts twice on the same session was to investigate whether or not the results were repeatable
after about 50 minutes when nothing else had changed.
At the beginning of each shift MATLAB sent the necessary commands to make the multiplexers select the appropriate electrodes for the current shift. With the correct electrodes selected,
the voltage output from the MFIA was adjusted so the total amount of current flowing through the
tissue was around 100 µA rms. This was done by a simple feedback loop: first, the rms value
of the voltage being outputted was divided by the rms value of the current to calculate the overall
system impedance (which included impedance of the wiring and mux board plus the contact and
tissue impedance). Because we had used gel and waited 10 minutes to let contact impedance reach
a steady state we were able to assume that the total system impedance would remained constant
57

for next 20s during which time we would record the pulsatile signal. With a known total system
impedance and desired current amount to flow through the whole system we were able to estimate
the required voltage output to have 100 µA rms of current through the tissue. This approach allowed us to have the currents within the 98 - 102 µA rms range for every shift tested. Once the
desired amount of current was flowing through the system we proceeded to record the pulsatile
signal (demodulated pick-up voltage) from the MFIA for 20 seconds. Through all these tests and
sessions we used 50 kHz as the frequency of the driving voltage. The PPG signal was recorded
synchronously with the IPG signal for the configurations tested each time. Once the recording and
saving of the signals was done we switched to electrodes that corresponded to the next shift and
performed all of what is mentioned above again until all 114 shifts were tested twice. At the end
of the 2 hours the electrodes were removed from the wrist of the participant, and looking at the
inprints the electrodes left on the skin, an approximate location of where the radial artery lined up
with the electrodes was recorded.

3.2.5

Pulse Amplitude Measurement
The top plot in Fig. 3.13 is an example of the demodulated voltage sensed by the pick-up

electrodes. The bottom plot in Fig. 3.13 is the detrended signal from the top plot. The oscillations
shown in both plots are due to the modulation of the cardiac cycle on the voltage sensed. We
call this signal the pulsatile signal. Each individual oscillation is a pulse and the slower frequency
signal modulating the pulsatile signal on the top plot is due to breathing. As explained before,
during the systolic phase of the cardiac cycle, blood rushes through the arteries causing the tissue
impedance to drop and, therefore, voltage sensed drops as well. During the diastolic phase the
heart relaxes and impedance and voltage sensed goes back up. In this study we calculate the pulse
amplitude by finding the difference between the peak and trough on each pulse as shown in the
bottom plot. For each pulse period it was assumed the minimum value was equivalent to the trough
and the maximum to the peak.
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Figure 3.13: Calculation of the pulse amplitude on the pulsatile signals measure.
3.2.6

Signal Quality Index
Because the majority of 20-seconds pulsatile signals acquired throughout different sessions

did not show clean distinguishable pulses we develop another metric that allowed us to get a sense
of the quality of the signal. This metric is based on the fact that cardiovascular biosignals, such
as heart rate, are very repeatable within a small period of time and because of this adjacent pulses
can be expected to have similar waveform morphology and magnitudes. Jang et al. [43] used these
principles to develop an algorithm that allowed them to generate a Signal Quality Index (SQI) for
measured PPG signals. We use the principles of that algorithm to develop our own that allowed us
to generate a SQI for the IPG pulsatile signals measured in this study.
Our SQI is calculated by comparing the similarity of adjacent pulses. The more similar two
adjacent pulses are the higher the SQI. Because, in most cases, noise is random and not repeatable,
the noise in the signal does not correlate between adjacent pulses resulting in a low similarity
between adjacent pulses and therefore low SQI. Because we are comparing adjecent pulses and
the IPG pulsatile signal is not always made out of distinguishable pulses, we used a clear pulsatile
reference signal to identify where each pulse should start and end on the IPG signal. This reference
signal came from the PPG sensor that we placed of the index finger of the participant. Because
the pulse waves were measured in different places (the wrist and finger) there was a time delay in
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between both signals making it so that the pulses did not lineup perfectly; however, because we
are measuring the similarity of periodic pulses, there is not a significant difference between the
correlation coefficient of two pulses that start at the beginning of their period or two pulses that
start halfway through the period.
Once the IPG signal had been sectioned by pulses, we resampled each pulse to be the
same length and then we measured how similar adjacent pulses were by calculating the Pearson’s
correlation coefficient between each two pulses at time. The correlation coefficient is a value
between between -1 and 1, where -1 represents a direct negative correlation and 1 a direct positive
correlation. In our case, a correlation coefficient of 1 meant that the two pulses being compared
were identical to each other; therefore the closer to 1 the higher the similarity between the two
pulses. A -1 meant that the two adjacent pulses are prfectly opposites of each other, since cardiac
pulses are expected to be synchronous and repetitive and negative correlation coefficients meant
the opposite, any negative correlation coefficient was displayed as zero. Fig. 3.14 shows two
sample IPG and PPG signals recorded at different times. The top row of plots are the PPG signals,
the middle row are the IPG signals, and the bottom row are the their respective SQI calculated.
The red asterisks indicate the troughs of the pulses on the PPG signals and where those pulses
would line up in the IPG signal. Two adjacent pulses which we use as an example to calculate
the correlation coefficient (SQI) have been colored yellow and purple in the IPG signals. The
correlation coefficients of the yellow and purple pulses are shown on the plots below the IPG plots
and are indicated by the asterisks circled in red. We can see that the pulse on the IPG in the left
are clean and distinguishable and because they are very consistent and similar to each other their
SQI remains high during that period of time. On the other hand, not all the pulses on the right IPG
signal are clean. It can be seen that in the middle area of the signal the quality of the signal drops,
and therefore the SQI also drops, and as the pulses become more clear the SQI starts to increase
as well. The overall quality of each 20 second shift recorded is given by the mean of all the SQIs
calculated during those 20 seconds. We have seen that when the SQIs is above approximately 0.5
the pulses start to become more distinguishable to the eye. It is also important to note that SQI
is a metric that is just comparing similarity between pulses and that there may not be correlation
between SQI and pulse amplitude. The left IPG signal in Fig. 3.14 has over all higher SQI values
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than right IPG signal, but the pulse amplitudes of the right IPG signal are a little bit more than
twice the size of the left IPG signal.

Figure 3.14: Process to calculate SQI on a high quality signal (left) and on a low quality one (right).

3.2.7

Cross Correlation
Because the SQI metric described above has not previously been used for quantifying the

quality of pulsatile IPG signals, we also used a different method that is not subject to accurately
identifying and sectioning the signal by pulse periods. The purpose of quantifying the quality of the
IPG signal through a different method is to investigate whether both methods give the same results.
This second method is based on the cross correlation of two signals and it measures the similarity
between the two signals as well. In our case, because the PPG and IPG signals are modulated
by the cardiac cycle at the same rate we expect the signal energy of the cross correlation of both
signals to be high and as the SNR of the IPG decreases, the signal energy of the cross correlation
of both signals also decreases.
For each 20-seconds shift we cross correlated the PPG and IPG signals 11 times in chunks
of 10 seconds at a time. The first 10 seconds of the two signals were cross correlated first (0 -10s),
then the next ten seconds (1 - 11s) and so on until we reached 20s. For each 10 seconds chunk the
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two signals were swept across each other and the cross correlation results were plotted as function
of time. This allowed us to see the delay between the signals which is due to the fact that the IPG
was taken on the wrist and the PPG on the finger so it takes some time for the pulse wave to travel
down the hand. It also allows us to see the maximum signal energy which is given by the size of
the main peak close to zero lag. The time difference between the main peak and its adjacent peak
tells us about the frequency of the pulses or in other words the heart rate.
Fig. 3.15 shows an example of the cross correlation (bottom plot) of ten seconds of PPG
signal (top plot) and 10s of its respective IPG signal (middle plot). In order to avoid the cross correlation from being dominated exclusively by the amplitude of the signal, but also give information
about the quality of the signals, both PPG and IPG signals are scaled to have a peak-to-peak amplitude of approximately 1v before performing the correlation. The maximum signal energy is given
by the size of the main peak shown in red in the bottom plot. We calculate the size of the main peak
by averaging both the difference between the max peak value (yellow asterisk) and first left trough
(purple asterisk), and the the difference between the max peak value and first right trough (green
asterisk). We call this average value the peak height (PH). For each 20-second shift recorded we
get 11 PH values and the overall quality of that 20s shift measured through cross correlation is
given by the mean of all 11 PH’s.

3.3
3.3.1

Results
Pressures
The SingleTac pressure sensor interface board used during this study turned out to be de-

fective. The voltage output by the interface board would constantly change even when there were
no pressure changes. This problem was not noticed until we had finished recording all data for
all 10 sessions and we had started analyzing the data more in depth. Because of this, the pressure
data recorded is not reliable and will not be reported. However, on the first session for each participant we started with a snug fit of the band and from there we adjusted it to be within our desired
pressure range. After reaching the desired pressured the notch to which the band was tighten was
marked and used as reference for their second session. All the participants said they would wear
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Figure 3.15: Process to calculate the the cross correlation peak height.
their smartwatch like that when we asked them about it, so a snug fit could serve as reference for
the reader interested in the pressures used for this study.

3.3.2

Pulsatile signal measured
Three measured 20-second pulsatile IPG signals and their respective calculated SQIs and

pulse amplitude (PA) are shown in Fig. 3.16. The circled PAs in the bottom row of plots are the PA
of the pulses with an SQI greater than 0.7. There were 2280 total 20-second shifts tested between
both sessions for all the participants. The histogram in Fig. 3.17 shows the distribution of the mean
SQI for all 2280 20-second shifts and Fig. 3.18 for the mean pulse amplitude. The y-axis in Fig.
3.18 uses a log scale so that the different amounts can be seen more clearly.

3.3.3

SQI and Cross Correlation
As an example Fig. 3.19 shows the mean SQI, mean PH, and mean PA for all the 20-

second shifts for two different spacing configurations tested on different participant at separate
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Figure 3.16: Top row: Three sample pulsatile signals with high (a), medium (b), and low (c) mean
SQIs. Bottom Row: Respective measured SQI and pulse amplitude (PA) for each signal above.
SQI is on the left axis and PA on the right axis.

Figure 3.17: Histogram of the distribution of the mean SQIs for all 2280 shifts mesured. Bin width
= 0.03.
times. For this example, the top half is for configuration 10 on participant 1 and the bottom half
is for configuration 5 on participant 4. On each half, the top subplot shows the mean SQI (left
axis) and mean cross correlation peak height (right axis) for each possible shift under that specific
configuration (8 possible shifts in the top configuration and 11 on the bottom one). For each shift
we acquired data for 20 seconds, then each data point shown represents the mean of all the SQIs
calculated during 20 seconds and the mean of the 11 PHs from the cross correlation performed.
The error bars represent standard deviation of the SQIs or PHs during those 20 seconds. Each
data point in the bottom subplots represents the mean pulse amplitudes calculated during each 2064

Figure 3.18: Histogram of the distribution of the mean pulse amplitudes for all 2280 shifts mesured.
Bin width = 50µV.
second shift and the error bars are given by the standard deviation as well. For the left axis we
use all of the PAs to calculate the mean and standard deviation, whereas for the right axis only the
pulses that had an SQI greater than 0.7 were used to calculate the mean PA and standard deviation
for the error bars (signals with and SQI greater than 0.7 had a very distigusable pulsatile signal
present). The x axes are the distance from where we estimated the radial artery was during that
session to middle of the active electrode for that specific shift. Zero in the x axes corresponds to
the artery right on that position. Since the locations of the artery were just estimates, we also show
a red shaded region in the plots that represents the general area of where the artery could have been
located.

3.3.4

Electrode placement
As mentioned before, in order to investigate the effect on pulse amplitude of the position of

the electrodes relative to the artery, for each of the 12 different spacing configurations we shifted
each configuration one electrode at a time until we swept through the whole array of electrodes.
Fig. 3.20 shows, for each configuration, the calculated mean PA of all the shifts recorded for of all
five participants. For the left axis of each subplot (blue) we used all the shifts recorded to calculate
mean PA and the standard deviation of all those shifts are displayed by the error bars. For the right
axes we only used the shifts that had an overall mean SQI greater than 0.5, that way we can have
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Figure 3.19: Top plots: Comparison between SQI and the cross correlation PH results for a lower
quality signal (top half) and a higher quality one (bottom half). Bottom plots: Comparison of
measured pulse amplitudes mean when using all the pulses measured (left axis) and when using
just the higher quality pulses (right axis).
higher confidence that during shifts there was a pulsatile signal being present. There were some
shifts that did not have an over all SQI greater than 0.5 and the PA for those low quality shifts are
displayed as zeros in the right-axes plots. The x axes for each subplot shows how far the center
of the 4 active electrodes used during a shift is from the estimated position of the artery, which is
located at zero on the x axes.

3.3.5

Electrode spacing
The results of the effect of electrode spacing on pulse amplitude have been analyzed by

keeping one of the spacing parameters constant while increasing the other spacing parameter. The
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Figure 3.20: Effect of electrode placement on the mean pulse amplituded for all of the shift in all
12 spacing configurations tested. Left axis (blue) uses all of the shifts to calculate the mean and
the right axis (red) used only the shift with an SQI greater than 0.5.
two parameters controlled during this study were the CU-PU electrode spacing, and the PU-PU
electrode spacing. We first look at the effect of a constant CU-PU spacing while increasing the
PU-PU spacing. Then we look at a constant PU-PU spacing while increasing the CU-PU spacing.

Constant CU-PU and increasing PU-PU spacing
Fig. 3.21 has three subplots for three different constant CU-PU spacings: 0 electrodes in
between the CU and PU electrodes (or 2.5mm), 1 electrode in between (5 mm), and 2 electrodes
in between (7.5 mm). At each subplot we are plotting the mean PA at each possible shift for the
four different PU-PU spacings tested (0 electrodes in between the PU-PU electrodes, 1, 2, and 3
electrodes in between). Essentially, the red plots of each row in Fig. 3.20 are graphed in the same
subplot per row; however, this time instead of having zero PA for the low quality shifts, they are
just not being plotted; that is why some lines are not continuous.
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Figure 3.21: Effect of electrode placement for all 12 spacing configurations grouped by same CUPU spacing.
In Fig. 3.22 we combined the information of the three subplots in the previous image into
one plot to illustrate more clearly the effect of increasing the PU-PU spacing. The data in each
subplot is now represented by on single line in Fig. 3.22. Each different line in each subplot in the
previous figure, which corresponded to the different possible PU-PU spacings, are now represented
as points in the x axis.. Each data point is the mean of all the measured shifts for a specific spacing
configuration and the respective error bar represents the standard deviation of all those PAs.

Constant PU-PU and increasing CU-PU spacing
Fig. 3.23 has four subplots for the four different constant PU-PU spacings: 0 electrodes
in between the PU and PU electrodes (or 2.5mm), 1 electrode in between (5 mm), 2 electrodes
in between (7.5 mm), and 3 electrodes in between (10 mm). For each subplot we are plotting
the mean PA at each possible shift for the three different CU-PU spacings tested (0 electrodes in
between the CU-PU electrodes, 1, and 2 electrodes in between). Essentially, the red plots on each
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Figure 3.22: Effect on PA of increasing PU-PU spacing at three diffrent CU-PU spacings constant.
column in Fig. 3.20 are graphed in one subplot per column. Nothing is being plotted for the shifts
with no signals greater than 0.5 either, therefore the discontinuity in some of the lines plotted.

Figure 3.23: Effect of electrode placement for all 12 spacing configurations grouped by same PUPU spacing.
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To illustrate more clearly the effect of the increasing the CU-PU spacing, the information
of the four subplots in the previous image were combined into one plot in Fig. 3.24. The data
in each subplot is now represented by one single line in Fig. 3.24. Each different line in each
subplot in the previous figure, which corresponded to the different possible CU-PU spacings, are
now represented as points in the x axis. Each data point is the mean of all the measured shifts for a
specific spacing configuration and the respective error bar represents the standard deviation of all
those PAs.

Figure 3.24: Effect on PA of increasing CU-PU spacing at four diffrent PU-PU spacings constant.

3.3.6

Repeatability
Fig. 3.25 shows the mean PA for all the shifts in configuration 4 of the 1st session of partic-

ipant 5 (top subplot) and of participant 4 ( bottom subplot). During each session each configuration
was repeated twice, about 50 minutes apart. The electrodes were not touched or removed during
the length of each session, and the participant were asked to remain as still as possible with minimal movement. This was so that the differences in conditions between repetitions were minimal
and the main difference between both repetitions was that they were done at different times. The
mean PA of all the shifts for both repetitions of that specific configuration is plotted on the left axis
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and, on the right axis, the relative percent change between each of the measured PAs at each shift
for both reps.

Figure 3.25: Mean PA for all the shifts for both repetetions (left axis) of two different configurations. Configuration with lower percent relative change (right axis) between both repetitions (top),
and with a higher change (bottom).

Fig. 3.26 shows the average SQI relative percent change from repetition to repetition for
all 10 sessions performed (2 per participant) for each the 12 different spacing configurations. Each
data point is the mean and standard deviation (error bars) of the calculated relative change of all
the shifts for a specific configuration as shown in the previous figure. Fig. 3.27 is similar to Fig.
3.26 but it shows the relative percent change of the calculated PAs instead.

3.4

Discussion
The measurement system used for this study was able to detect both IPG and PPG pulsatile

signals. However, the pulsatile signals from the IPG measurements were not as consistent as the
ones from the PPG measurements. As shown in Fig. 3.16, we were able to capture IPG pulsatile
signals that range from low to high quality. When the SQI is below approximately 0.5 (right
plots) the the pulse wave is not as distinguisable on the signal as when the SQI s greater than that.
Then the signal SQI is greater than approximately 0.5 (middle plots) the pulse wave is present
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Figure 3.26: SQI relative percent change between both repetitions for all 10 sessions performed
arranged by spacing configuration.
in the signal but it is not as easy to distinguish it visually as it is when the SQI is greater than
approximately 0.7 (left plots). Signals with an SQI greater then 0.5 are considered higher qulity
signals whereas signals with SQI less than 0.5 are considere lower quality signals. Fig. 3.17 shows
the SQI distribution of all of the 2280 total number of shifts that were measured within all 10
sessions. Per our current signal processing methods, only 1.36% of those shifts had an pulsatile
signals with a SQI greater than 0.7 and and 4.56% had and SQI greater than 0.5, then approximately
95% of all the measured signals had an SQI below 0.5. The low SNR of the measured signals can
be attributed to three main factors. First, the amount of current used for the IPG measurements
performed at 50kHz (100 µA rms) is much lower than what has been used previously in other
studies (400 µA rms [14], 500 µA rms [37]). Second, the size of the electrodes used (2mm x
10mm, or 20 mm2 ) is also much smaller than what other studies used for capturing pulsatile signal
through IPG measuremnts (52.5 mm2 [14], 75 mm2 [18], 400 mm2 [26]). And third, even though
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Figure 3.27: PA relative percent change between both repetitions for all 10 sessions performed
arranged by spacing configuration.
it is possible to capture pulsatile signal with a circular placement, this placement is not favorale to
capture small changes due to blood flow as other placements are such as a parallel placement of
the electrodes [11], rectangular four-electrode configuration and five-electrode configuration [23].
In order to make sure the calculated SQIs were a good metric to quantify the quality of
the signal, we compared it to the results from the cross correlation method. As it can be seen
from Fig. 3.19, even though the measured SQI and peak height (PH) from the cross correlation
had different magnitudes, the overall results from both methods agreed with each other. The top
plots of both halves in Fig. 3.19 show the mean SQI (left axis) and mean PH (right axis) for all
the shifts for spacing configuration 10 (top half) and configuration 5 (bottom half). The pulsatile
signal of the top half had lower quality than the one in the bottom half. We can see that the same
changes that happen in the measured SQI happen in the PH. We compared the SQI and PH for
all the other configurations recorded for all the participants and the SQI and PH always seemed to
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agree with each other even when we changed how the signals were processed before the SQI and
cross correlation analysis. For example, increasing the low pass filter cut-off frequency for the IPG
introduced more noise into the IPG signal which made the SQI decrease; however, the changes on
the new SQI still followed the changes in cross correlation. Because the IPG and PPG are basically
opposite of each other (when one goes down the other one goes up and vice-versa) we also cross
correlated the PPG with inverse of the IPG so that they were more in sync. The magnitudes of
the new PHs changed but the overall changes on the PH still followed the changes in the SQI.
Increasing the length of the chunks the signals cross correlated increased the magnitude of the
PHs but, again, the overall SQI and PH changes still followed each other. Because the two quality
analysis methods gave similar to same results, either one of them is considered appropriate for
quantifying the quality of the pulsatile IPG signals. In this study the SQI metric is used because of
two main advantages: it is able to qualify one pulse at a time and the scale on which it is measured
is more intuitive.
The bottom halves in Fig. 3.19 show a comparison between the mean PA of each shift
obtained by using all of the pulses in each 20-second shift (left axis) or obtained by just using
the pulses that had an SQI greater than 0.7 (right axis). As seen in both halves, for each shift the
overall PA mean and the high SQI PA mean were similar to identical. However, there are some
shifts, such as the first shift in the bottom plot in the top half, that did not have any high SQI pulses
therefore there is no high SQI PA mean data point for that shift. Another difference is the size
of the error bars, which represent the standard deviation of the overall PAs in a shift (blue) or of
the high SQI PAs (red). The variation increases when we are just looking at the high SQI pulses
because there are fewer of them.
Fig. 3.20 shows a summary of the effect of the electrode placement relative to artery on
PA for each of the 12 different spacing configurations tested. As explained above, the mean pulse
amplitude in the left-axis (blue data) accounts for all low and high SQI shifts. The purpose of
including all the shifts (even the low SQI ones on which, most likely, there is no pulsatile signal
present) was to see if the signal being measured (even if it was just noise) increases or decreases in
amplitude as we get closer to the artery and vice-versa as we get further from the artery. However,
there are not any definite conclusions that can be drawn from blue data. The mean pulse amplitude
in the right-axis (red data) only uses the shifts with an SQI greater than 0.5 which is why for some
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of the shifts the data points line up with zero since none of those shifts had an SQI greater than
0.5. From the red data we cannot draw any conclusions either, but it can be pointed out that, for
some of the configurations, the mean PA peaks close to zero in the x axis, which could be due
to the artery being on or close to the zero position ( remember that the position is an estimate of
the general location of where the artery would have been during the test). Configuration 5 and 6
were the configurations that had the highest mean PA peaks at around 170µV. These subplots also
suggest that the measured PA could be very sensitive to the electrode placement because electrodes
that were shifted only by 2.5 mm to the right or left can have very different results. Fig. 3.18 shows
a distribution of the mean PA for all the shifts measured (high and low) and 55.5% of them are in
the first bin (0-50µV), and 22.5% were in the second bin (50 -100 µV), so the remainder 22%
of overall measured shifts had mean PA greater than 100 µV; however, most of these had an SQI
lower than 0.5 suggesting that most likely there was no actual pulsatile signal present on those
shifts.
The results from the different electrode spacing do not seem to suggest any conclusive
results either. Increasing the PU-PU spacing while keeping the CU-PU spacing constant, and
increasing the CU-PU spacing while keeping the PU-PU spacing constant (Fig. 3.22 and Fig. 3.24
respectively) did not have the same results for the different constant parameters tested. However,
from Fig. 3.21 and Fig. 3.23 it does seem like the the spacing configurations with the largest
CU-PU tested (7.5 mm) and PU-PU tested (10 mm) had a lower overall PA.
The other goal of this study was to see if the results were repeatable after a few minutes
(approximately 50 minutes). As illustrated by Fig. 3.25 it is possible to get close to the same
results (top subplot) but this is not always the case and for some shifts the results can change quite
drastically from the first repetition to the second one (bottom plot). If the relative percent change
is less than 100%, we can see that, even though there exist some difference between the measured
results from the 1st and 2nd repetitions, the results still follow each other and are very close. The
percent change for both SQI and measured PA is relatively big for most sessions. It is important
to note that if the magnitude of the percent change for the measured SQI shown in the subplots of
Fig. 3.26 look smaller is because the range of change of the SQI is only from 0 to 1. There is not
a clear conclusion that can be drawn from this results either but it seem like configurations 1 to 4,
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which had the smallest CU-PU, spacing had lower relative percent changes; therefore, for those
configurations the results were more repeatable after some time.

3.5

Conclusion
The measurement system used in this study was capable of capturing the changes in impedance

due to blood flow. However, the amount of current used (100 µA rms) at 50kHz does not seem
to be enough to capture the small changes due to blood flow in the tissue consistently, especially
when the size of the the electrodes is as small as ours (20 mm 2 ) and a non-ideal circular placement
is used. The results from the current signal processing algorithms do not allow us to draw any
definite conclusions. If only the signals with a higher SQI (greater than 0.5) are analyzed, we are
inclined to say that the PA tends to increase as the center of the four active electrodes align with the
radial artery and that having the CU-PU closer together resulted in a higher maximun PA between
different PU-PU spacing. There does not seem to be a clear effect on PA as the PU-PU spacing increase except that a 7.5 mm spacing between CU-PU spacing had lower overall PA in comparison
to the other CU-PU spacings tested (2.5 mm and 5mm). In some instances the measured results
seem to be somewhat repeatable after a few minutes when conditions do not change but for other
instances this does not happen. Despite the fact that most of the results in this study are inconclusive per the current signal processing methods, the SQI method developed to quantify the quality
of IPG pulsatile signals does accurately represents the quality of the signal in a fairly intuitive way.
This method of quantifying the quality of IPG pulsatile signals is considered the most useful finding/result from this study and can serve as an example for other researchers who need a method
to quantify the quality of signals that are expected to be repeatable and slowly varying. We may
be able to see more conclusive results as we develop more advanced signal processing techniques.
For future studies we are planning on using a higher amount of current in order to increase the
SNR and obtain more consistent pulsatile signal measurements.
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CHAPTER 4.

CONCLUSION

This research aimed to fill some gaps found in the current scientific literature on electrodes
used in electrical bioimpedance measurements. More specifically, this thesis addressed the timebased changes of the skin-electrode interface contact impedance and its dependency on electrode
size. This thesis also tried experimentally find the relationship between electrode spacing and
signal sensitivity by measuring pulsatile signal. Below is summary of the findings in chapter 2 and
chapter 3 of this thesis. Following the summaries, the main contributions of this work are compiled
and listed. This work ends with some recommendations for future research opportunities.

4.1
4.1.1

Conclusions summary
Acclimation of Contact Impedance
It is well know in the bioimpedance-focused research community that the skin-electrode

interface contact impedance has a significant effect in the quality of the bioimpedance signal measured. This contact impedance changes over time and it tends to decrease as the electrodes remain
in contact with skin. Contact impedance for three different sized electrodes and different moisture
conditions (dry and wet electrodes) were measured continuously over 60 minutes. If was found
that the contact impedance of dry electrodes exponentially decrease until reaching a constant level,
to which we referred as acclimation level. The time it took for the contact impedance to reach 5%
of its acclimation level, referred to as the acclimation time, is dependent on the size of the electrode
and the frequency of the bioimpedance measurement. The acclimation time decreases as the electrode size increases. There was almost a 50% decrease in acclimation time from the 4 mm2 to the 8
mm2 electrodes, and only a 20% from the 8 mm2 to the 32 mm2 electrodes. Acclimation time also
decreased as frequency increased, but after about 100 kHz the change of the contact impedance
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over time was less than 5% and they were considered as already acclimated from the start of the
test.
Wet electrodes also went through an acclimation process, but in some cases the wet electrodes instead of decreasing with time, the contact impedance actually increased. However, the
amount the contact impedance changed over time was less than 5% of its inital value and it was
negligible in comparison to the amount the dry electrode changed. Wet electrodes had lower contact impedance magnitudes than dry electrodes and, with time, the contact impedance of the dry
electrodes become closer to the impedance of the wet electrodes. As the electrode size increases,
the difference between the acclimated dry contact impedance and the wet contact impedance becomes smaller and the dry electrodes reach the same acclimation level as the wet electrodes. The
probable sweat build up and the drying of the gel in the interface could indicate that the moisture at
the interface is a possible source for this acclimation effect; however, since actual moisture levels
were not measured, fluid displacement is another possible source for the effect.
Contact impedance magnitudes also decrease as the size of the electrodes and frequency
increases. However, the changes in contact impedance due to electrode size are more significant
at lower frequencies. As frequency increases the differences between the magnitudes of contact
impedance for the different sized electrode became smaller. Increasing the size of the electrode also
decreased the the variation of measured contact impedance between different people. Electrode
pairs placed in different positions had acclimated contact impedance very similar to each other and
the variation due to placement decreased as the electrode size increased. The contact impedance
after removing the electrodes was different from the previous acclimated contact impedance. Every
time the electrodes were moved from the wrist the magnitude of the contact impedance and the
variability of the measured contact impedance increased. This may be due to drying out of the skin
while the electrodes are removed.
4.1.2

Effect of electrode spacing on pulsatile signal
Under a circular electrode orientation around the wrist, the spacing in between the elec-

trodes and their placement relative to the artery may play a significant role on the sensitivity of
measured bioimpedance changes due to blood flow in the artery. Due to the difficulty of capturing
these small changes in tissue impedance due to blood flow, the majority of bioimpedance signals
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recorded did not seem to have a pulsatile signal present on them. The SQI algorithm developed
to determine the quality of the bioimpedance pulsatile signals allowed us to infer whether or not
a pulsatile signal was present on the recorded bioimpedance signal. Only about 5% of the 2280
shifts measured had a distinguishable pulsatile signal present on them. Due to the low amount of
high SNR pulsatile signals acquired and per our current signal processing techniques, it is difficult
to make any conclusive statements with regards to the effect of the electrode placement relative to
the artery and spacing between the electrodes. The following conclusions are derived from taking
into consideration the signals in that 5% and should not by any means be generalized or expected
at all times.
For each spacing configuration there is a shift that had a much higher mean pulse amplitude
than the other shifts in the same configuration. Most of these peaks in measured pulse amplitude
happened when the center of the 4 active electrodes seemed to be lined up with, or within the
plausible region of, the artery location. The spacing configurations with a 1 gap (5mm) CU-PU
spacing had the highest measured pulse amplitudes (PA). The configurations with larger CU-PU
spacing (2 gap/ 7.5 mm) had lower PAs overall but they were more consistent throughout the
different possible PU-PU spacing. There did not appear to exist a significant effect on PA when
the CU-PU spacing was held constant and the PU-PU spacing was increased, nor when the PUPU spacing was held constant and the CU-PU was increased. From these results, the spacing
configuration with a CU-PU spacing if 1 gap (5mm) and a PU-PU of 0 gap (2.5mm) gave the
highest PA measured. Despite the not so conclusive results found in this chapter, the developed
SQI algorithm proved to reliably estimate the quality of the bioimpedance pulsatile signals. The
SQI metric is very intuitive and it provides a quality index for each measured pulse making it very
desirable for live analysis of the pulsatile signals.
With respect to the repeatability of the measured pulsatile signals after some time, it was
found that the repeatability was not consistent. In some cases, almost the same exact signal with
the same SQI and PA was measured by the same configuration and placement of electrodes but just
50 minutes later. In other cases, the signal recorded under the same condition was very different 50
minutes later. This would suggest that it is not guaranteed that same kind of signal can be recorded
twice, even under circumstances when the electrode have not been removed from the skin and there
was minimal to no movement performed by the user of the electrodes.
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4.2

Contributions of this work
The main contributions this work makes to scientific knowledge are as follows:
• More in-depth study of the time-based changes of skin-electrode contact impedance.
• New knowledge on the relationship between electrode size, interface moisture, and contact
impedance acclimation.
• Contact impedance magnitude data for different sized electrodes that could be implemented
in a wearable device.
• Better understanding on the effect of electrode size on contact impedance magnitude and its
variability due to placement and removal of the electrodes.
• Supports the difficulty of capturing blood flow changes in impedance with small sized electrodes in a circular placement around the wrist and with low amounts of injected current.
• A method to calculate the quality of the bioimpedance pulsatile signal.
• A method to electronically pick different electrodes in an array of electrodes via a multiplexer, which combined with the SQI algorithm could be used to sweep through different
electrode spacing configuration and find the one that returns higher quality signals.

4.3

Recommendations
As this research was being performed, new questions were born. These new questions,

along with existing questions which were not conclusively answered in this work, provide opportunities for more research in the field of electrical bioimpedance. The following recommendations
are offered as suggestions for future research opportunities.
• The electrodes used in bioimpedance measurements are basically transducers and media
where the electronic current coming from the external circuitry is convertet into ionic current
so that it can flow inside the tissue, and vice-versa. The ionic transfer at the skin electrode
interface is dependent on the electrode material and moisture, and understanding it better
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would bring new insight to the acclimation effect of the skin-electrode interface contact
impedance.
• The magnitudes reported for contact impedance were limited to frequencies below 10kHz,
due to the fact that the high impedance of the MUX board was comparable to the tissue impedance at higher frequencies, making the calibrated impedances unreliable at those
higher frequencies. The range of contact impedance magnitudes measured did not allow us
to to have enough data points to fit a Cole-Cole model to the data. Being able to fit the
commonly used Cole-Cole model to the contact impedance data would help in the design
of a bioimpedence measurement system. A redesign of the MUX board and a study of the
contact impedance at higher frequencies is suggested.
• The questions related to the effect of the electrode spacing on the pulsatile signal were not
conclusively answered due the fact that the majority of pulsatile data recorded had a low
SNR. An increase in the amount of current used as well as more advance signal processing
techniques would allow the acquisition of more consistent higher quality data. If the circular
placement is still desired to be used, along with relatively small electrodes, it is suggested
to use as much current as the IEC 60601-1 standard allows, which is about 475 µA at 50
kHz carrier frequency, and this amount increases as the frequency increases. Along with
acquiring pulsatile data at higher currents for different spacing configurations, a finite element model of wrist and electrodes using the principles of sensitivity and reciprocal current
fields [3] to model the effect of electrode spacing on the sensitivity of signal measured is
also suggested.
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1

Introduction
Bioimpedance analysis has been shown to be a low
power method to measure bio-signals such as cardiac activity [1]. The quality of the signal depends on several factors
like the amount of current injected, electrode material, geometry and spacing. There are standards that regulate the
amount of current that can we injected in the human body,
blala suggest using as much current when possible for higher
quality signals [2]. Because we want to maximize the quality
of the signal and still follow the standards, we need to utilize
as much of the current injected as possible. We hypothesize
that temperature is another factor that affects the amount of
current injected and therefore the quality of the signal . The
purpose of this study is to develop a model that gives some
insight of the relationship between temperature an and the
current injected during bioimpedance analysis.

2 Methods
2.1 Model Derivation
The changes in amplitude of the pulsatile signal captured through bioimpedance are caused by the blood flow [3]
and, as mention before, the amount of current . Figure 1
shows a comparison a three different current inputs and their
respective signal quality and pulse amplitude. Since blood
flow is involuntary and we can not control it, we will be focusing on the current.
Current is defined as the rate of electric charge past a
point or region. In the body the current is carried by the ions
inside the body as represented in Figure 2. In our case this
rate of passing electric charges is the flux of ionic charge inside the body. Form irreversible thermodynamics we learn
that a potential gradient acts as a force to create a flux. In
order to create current flowing we have to create a potential
across two outer electrodes as shown in Figure 2. This potential gradient, ∇φ , acts as the cause for the flux of ions
inside the body. Following the kinetic theory of gases we
will assume that the ions are spherical with radius r. That
they have a straight-line motion traveling at a constant speed
s. By definition we know ion flux is the rate of flow of ions

Fig. 1: Example pulsatile signal amplitude captured at different injection currents.

per unit area as follows :
Jion =

(total number o f ions)
(Area)(∆time)

(1)

Where the total number of ions is equal to the number density
of ions in a defined volume (box shown in Figure 2) times the
volume. And the number density of ion is the molar concentration, cion , times the number of particles in a mole (Avogrados number, Na ).
(total number o f ions) = (cion Na )(s∆tA)

(2)

Substituting equation (2) into equation (1) we are left with
a expression for ionic flux in terms of concentration, Avogadros number, and the ion speed.
Jion = cion Na s

(3)

The constant speed s at which the ion travels is a result
of the balanced between the force the ion feels due to the

a thermocouple where taped on top of the bag. Through the
outer electrodes the current was injected and through the inner electrodes we where reading the voltage changes.
For the second test set-up four copper electrodes were
placed onto of the a human wrist a long with the thermocouple. Three different test were performed under this set. For
the first one we recorded the voltage changes while an ice
bag was on top of the area where the electrodes were places.
In the second test the wrist was cooled down first and then
the changes in voltages were recorded while the wrist came
up to its regular body temperature on its own. For the third
one we did the same as in the second text but instead of letting the wrist to come up to temperature on its own, a heat
gun was used to blow hot air to the wrist.

Fig. 2: Model for ionic flux during bioimpedance analysis.

electric field created by the potential difference (Coulomb’s
force, Fc ) and the opposing frictional force (Ff ric ) of the
medium.
From Coulomb’s law the force on an ion of charge
q inside and electric field E is given by Fc = qE, where
E = −∇φ. From equation 10.53 in K.O.M [4] the friction
force for spherical particles of radius r can be obtained from
Stokes law which relates the friction force to the viscosity of
the medium, η, and the traveling speed of the particle s by
Ff ric = 6πηrs. Making both force equal to each other we are
left with an expression for the constant speed at which the
ion travels:
s=

qE
6πηr

(4)

Avramov [5] shows that by the Frenkel equation the viscosity of liquids is inversely proportional to the jump frequency Γ. From equation 7.13 in K.O.M we see that the
−Em
Γ α e kT , then we can get an expression that relates viscosity and temperature T as follows:
Em

η α e kT

(5)

Substituting equations 5 and 4 into 3 leaves us with an
expression for ionic flux Jion . Multiplying this by the charge
of the ion q gives an expression for charge flux Jq as follows:
Jq α
2.2

cion q2 Na ∇φ
−Em
exp(
)
6πr
kT

Fig. 3: Test set up 1. Bag containing EBSS. Bottom left: electrodes
and thermocouple

(6)

Tests
With this last derived proportionality that relates ion
charge flux to temperature we can now compare it to some
bioimpedance data taken on two different test set-ups. First,
a bag containing an ionic solution call EBSS, and second, a
human arm.
For the first test set-up a bag containing cold EBSS was
placed above a metal container with water inside as shown
in Figure 3. The container was then heated up in order the
slowly heat up the bag. Four copper electrodes along with

3

Results and Discussion
For each test performed the voltage changes and temperature where recorded simultaneously. Because the derived
model for ionic charge is flux is proportional to a exponential with temperature in it, an Arrhenius plot is also shown
for each test. There results and discussion for both of the test
set up are present below.
3.1

Test set-up 1: EBSS
Figure 4 shows that as the temperature increases, the
voltage readings increase with it. The voltage recorded and
shown, as given by Ohm’s law, is the current I times the resistance R. In our case current I = Jq A which implies that
m
V α exp( −E
kT )*R. Then we would expect the voltage would
increase quickly with increasing temperature as shown on the
top of graph of figure 4. We would also expect slope of the
arrhenius plot to be constant and negative; however, from the
bottom graph of figure 4 we do see that slope is negative but
is not linear but of higher order. This would mean that the
slope, which is −Ek m , is time dependent.
3.2

Test set-up 2: Human wrist
The results for the second set up, test on a human wrist,
do not follow the same logic as above. In this set-up voltage

3.2.2 Test 2: Self warming up of wrist
Figure 6 shows the voltage readings as the temperature
of wrist started increasing. Even though we see the opposite
result on this test from the previous one, the slope of the
arrhenius plot is still constant and positive with almost the
same values as before.

Fig. 4: Temperature and Voltage vs time, and Arrhenius plot for test
on EBSS

increases with decreasing temperature and vice-versa. However, what it is being plotted is the voltage (V=IR). We already derived and expression of proportionality for I. R for as
semiconductor/insulator such as the human body is not same
as the resistance for a conductor such as the ionic solution
Ec
used before. For a semiconductor/insulator R α exp( 2kT
),
where Ec is the activation energy for conduction. Multiply
1
bot exponential together leaves us with V α exp( Ec −2E
k
T)
3.2.1 Test 1: Cooling Down wrist
Figure 5 shows that as the wrist temperature started decreasing the voltage readings increased. The bottom graph
of figure 5 is an arrhenius plot of these same data, We can
see that the slope is constant and positive. In order for the
slope to positive Ec has to be greater than twice E. The fitted
has a slope of 6.80.

Fig. 6: Temperature and Voltage vs time, and Arrhenius plot for test
on wrist while it warms up

3.2.3 Test 3: Assisted warming up of wrist
Figure 7 shows the voltage readings as the temperature
of wrist started increasing. We can see the instances where
the hot air from the heat gun has directed towards the wrist.
As soon as heat has applied the voltage readings decrease.
Once the heat gun is off and the temperature and voltage
seems to go back almost to where they were. The Arrhenius plot for this data set because of movement artifact and
the noise is not as clean as the ones before. However, it still
does have a positive slope. Figure 8 shows zoomed in sections of the valtage signal at different times through out test.
As figure 8 shows the amplitude at each of the different
times zoomed are basically the same, but the quality of the
signal does seem to improve as temperature increases with
time.
4

Fig. 5: Temperature and Voltage vs time, and Arrhenius plot for test
on wrist while it cools down

Conclusion
The model derived for the relation between of ionic
charge flux and temperature does explain the reason of the
voltage when the temperature increased; however, more tests
need to be done before a definitely conclusion can be about
the non linearity of the slope can be made. On the other
hand, from the result of wrist, it does seem propitiate to say
that there are two competing forces, the activation energy for
conduction Ec and the activation energy for ion movement
E. Since in both test, cooling down and warming up of the
wrist, the slope we almost exactly the same the conclusion

Fig. 7: Temperature and Voltage vs time on wrist heat heat gun a
heat source

Fig. 8: Pulsatile signal at different time throughout the warming up
of the wrist.

can be made the Ec is greater than twice E. We also see and
effect of temperature in the quality of the signal which seems
to increase as the temperature increases.
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Sensor Position and Geometry to Maximize
Bioimpedance in Radial Artery
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Electrical bioimpedance has been more commonly used
for studying properties of biological tissue and many researchers have found applications in the the wearable device
industry. When electrodes are integrated into a wristband,
the bioimpedance of the radial artery can be measured. By
injecting a current into the wrist using two electrodes, electrical signals modulated by passing through wrist tissue can
be read by two voltage pick-up electrodes. In order to maximize the signal sensitivity at the location of the radial artery,
a gradient-based optimization algorithm is utilized to optimize the positions and geometries of the current and voltage electrodes. Uncertainty regarding the relative position
of the artery to the electrodes is adjusted for. The results
show that the optimal configuration of the current-carrying
(CC) and voltage pick-up (PU) electrodes is PU- CC- CC+
PU+ with more detail regarding their positions and geometries included herein. Finally, comparing to an optical pulse
sensor shows that the optimized bioimpedance sensor configuration focuses the signal sensitivity at the position of the
radial artery.

1

Introduction
Electrical bioimpedance has been more commonly used
for studying the electrical properties of biological tissue and
in the past few years many researchers have found applications of it to the wearable devices industry. The basic idea
is to see how the impedance of the tissue under study (TUS)
changes with the change of blood volume in that same TUS.
Because blood is more conductive than its surrounding tissue, an increase in blood volume will decrease the impedance
of the TUS. Impedance changes can be detected by injecting
a known alternating current to the TUS through two electrodes, called the current carrying electrodes (CC+ and CC-).
This known signal (current carrying), as it goes through the
skin, gets modulated when blood travels by in pulse waves
and this modulated signal gets picked up by two other electrodes, called pick-up electrodes (PU+ and PU-), as shown
in Figure 1.
Bioimpedence has been used in a number of applications. Schneider et al. and Xu et al. used bioimpedence for
monitoring heart rate [2,3]; Huynh et al. and Ibrahim and Jafari used it for blood pressure monitoring [4,5]; Cho et al. and

Ibrahim et al. for estimating pulse transit time [6,7]. One factor that is known to affect the signal sensitivity is the orientation of the electrode array with respect to the artery, because
there is more or less current passing through the area of interest [4]. In our case, the radial artery is the TUS and thus
we seek to maximize the sensitivity at the artery by altering
the position and size of the electrode array.
In order to get the best signal, we need to maximize the
sensitivity of the pick-up signal at the location of the radial
artery (see Figure 3(b)). Fundamentally, the sensitivity is a
function of the current field created by the current carrying
electrodes and a virtual voltage field that would be created if
a charge was input through the pick-up electrodes [8]. The
intersection of the current and voltage fields determines the
sensitivity, and when maximized at the location of the artery,
allow the device to best read the modulated signal, and thus
the activity within the bloodstream. The intersection of the
current and voltage fields is influenced by the distance between where the charges are applied and the geometry of the
electrodes, as illustrated in Figure 2. Because the electrodes
are attached to a watch band (see Figure 3(a)), the location
and size of the electrodes are limited by the width of wrist.
Reported herein is the result of a derivation of signal
sensitivity as a function of electrode positions, widths, and
lengths, in addition to the details of an optimization performed to determine the maximum sensitivity when the electrodes are constrained to a wristband. The optimization algorithm we used is a constrained gradient-based optimizer
where the position of the artery is not deterministic.

2

Method: Sensitivity Model and Optimization Approach
In short, the goal of this optimization is to maximize the
signal’s sensitivity at the location of the artery as a function
of the distances between the electrodes and the geometry of
each electrode. First, a model was needed to quantify the
signal sensitivity at the artery given the positions and sizes
of the electrodes. Derived from fundamental electrical relationships of current and voltage fields presented by Griffiths [9], Equations 1 and 2 provide part of the calculation for
the magnitude and direction of the current and voltage fields
according to the position and geometry of the electrodes. The

Fig. 1: The electrical signal is modulated by blood pulsing through the artery. Figure from [1]

Fig. 2: With the axes origin at the surface of the skin in the
center of the wrist, the radial artery (red cylinder) is located
off center and pictured below the skin. The electrode positions, widths, and lengths are the design variables for the
optimization

Y
X

signal sensitivity is then calculated as the dot product of the
current and voltage fields, as reported by Grimnes and Martinsen [8] and shown in Equation 3. The current field vector
components are calculated as

1
Ecx = 2L2 ∗ ( q
(w2 + x0 − x2 )2 + y20 + z20
−q

1

(w2 + x0 + x2 )2 + y20 + z20

−q

(w1 + x0 + x1 )2 + y20 + z20

(b) Intersection of current and voltage fields to be maximized
at the location of the artery (approximately 3mm deep) []

Fig. 3

)

1
−2L1 ∗ ( q
(w1 + x0 − x1 )2 + y20 + z20
1

(a) Sensors are attached to a watch band

)

(1)
Ecy = 2L1 ∗ y0 ∗ (
+

(y0 + z0 )2

q

w1 + x0 − x1

(w1 + x0 − x1 )2 + y20 + z20

w − x0 + x1
q 1
)
(y0 + z0 )2 (w1 − x0 + x1 )2 + y20 + z20

−2L2 ∗ y0 ∗ (

(y0 + z0 )2

q

w2 + x0 − x2

(w2 + x0 − x2 )2 + y20 + z20

(2)

S(x0 , y0 ) = Ec • Ev

(3)

where S is the sensitivity, Ec is the current vector field and
Ev is the voltage vector field.
A summary of the optimization approach is as follows:

Series of Points for Optimization of Sensitivity
-2

Depth from Skin Surface (mm)

where w and L represent the electrode width and length respectively, (x0 , y0 , z0 ) represent the position of the artery, x1
and x2 represent the positions of the current-carrying source
and sink (CC+ and CC-) respectively, and x3 and x4 represent the pick-up voltage source and sink (PU+ and PU-) rey
spectively. Ecz is calculated very similar to Ec , but because
we are interested in the voltage field directly beneath the
sensors (at z0 = 0), the current field in the z-direction does
not contribute. The current field is represented generally by
y
Ec = k ∗ q ∗ [Ecx , Ec , Ecz ] where k is the Coulumb constant and
q is a unit charge, but for this optimization we set k = 1 to
scale the current and voltage field calculations. The voltage
field is calculated in a similar manner, but x1 and x2 are replaced by x3 and x4 respectively.
The sensitivity function at any point (x0 , y0 ) is:

-2.5

-3

-3.5

-4

-1.5

Parameters: magnitude of charge, (q)
Constraints:

1. electrodes fit on typical human wrist
2. electrodes do not overlap
The constraints are physical constraints due to the plan
to incorporate the electrodes/sensors into a wristband (such
as a watchband); therefore, the size and location of the electrodes was limited by the size of the wrist. The location of the
electrodes only varied laterally (not up and down the arm), as
shown by the x-axis in Figure 3(a). The implementation of
these physical constraints was achieved by the following:
|x1 − x2 | ≤ w1 + w2

(4)

...

for all combinations of electrode positions and their corresponding widths. No constraint was placed on the lengths of
the electrodes, and the optimizer did not report solutions that
were unreasonable, so it was not necessary to do so. Also,
boundary constraints were enforced for the electrode positions and sizes such that:
− 3cm ≤ xi ≤ 3cm

0

(5)

0.5

1

1.5

and
wi ≥ 0.03cm

1. position of electrodes relative to center of wrist,
x = {x1 , x2 , x3 , x4 }
2. width of electrodes in the x-direction, w =
{w1 , w2 , w3 , w4 }
3. length of electrodes in the z-direction, L =
{L1 , L2 , L3 , L4 }

|x1 − x4 | ≤ w1 + w4

-0.5

Fig. 4: Randomly selected points at which the signal sensitivity was optimized within the artery. A sum of the sensitivity at these points was used as the objective function for the
optimizer

Objective: maximize the sensitivity at the artery
Design variables:

|x1 − x3 | ≤ w1 + w3

-1

(6)

for i = 1, 2, 3, 4.
2.1

Optimizer Choice
To optimize this problem, we used MATLAB® ’s fmincon optimizer with gradients calucated with forward differencing and the active-set algorithm. A gradient-free algorithm, Nelder-Mead simplex, was attempted and compared to
the results of the gradient-based fmincon, but the optimal signal sensitivity was very similar. Additionally, convergence to
a feasible solution when implementing the constraints in the
Nelder-Mead algorithm proved very sensitive to the initial
position of design variables. Therefore, fmincon was chosen
due to consistently providing feasible and competitive solutions.
2.2

Adjusting for Uncertainty
We identified and adjusted for two sources of uncertainty: (1) the sensitivity across the cross-sectional area of
the artery and (2) the relative position of the electrodes to the
artery.
First, blood pulse wave may be sensed effectively at various locations within the artery and maximizing sensitivity at
one point in the artery had the potential of lowering the sensitivity at other points in the artery. Ideally, the sum or integral
of the sensitivity across the cross-sectional area of the artery
could be maximized, but this was much more computationally expensive. Instead, the sum of sensitivity at a series of
randomly selected points across the area of the artery (see
Figure 4) was maximized and it proved much less computationally demanding. A comparison of the two approaches
yielded nearly identical results; thus, we pursued the series
of points approach. The sum of the sensitivity across the

cross-sectional area of the artery was optimized, as shown in
Equation 7.

ST =

n

∑ S(x0 j , y0 j )

(7)

j=1

where n is the sample size. A Monte Carlo simulation
was performed to determine an appropriate sample size, and
the convergence plot is shown in Figure 5(a). n = 100
was selected after the error between the means decreased to
<0.05%.

normal use. Even in a laboratory setting, where the wristband is applied for taking measurements and maintains the
same position, because of variations in anatomy, the artery
is not always in the same position in the forearm. Thus,
we applied a random Gaussian distribution to the position
of the center of the artery, (x0 , y0 ), with a standard deviation of σ = 3.2mm. To determine an appropriate number of
samples, a Monte Carlo simulation was performed and convergence was defined when error between mean values was
<0.05%. An appropriate number of samples for the artery
position was determined to be n = 1600 (see Figure 5(b)).
2.3

Multistarting to Explore the Design Space
Because the electrodes were constrained to not overlap
or exceed the width of the wrist, the electrodes would maintain the same order in which they were initialized. In other
words, if the electrodes were initialized (2, 1, 3, 4) from left
to right on the wristband, they would maintain that order
throughout the optimization. With only 4 electrodes, and
thus only 24 starting position combinations, all potential initial positions were optimized, with the results focused on the
configurations that produced the most promising signal sensitivity.

3
(a) Mean sensitivity given increasing sample size of points
within cross-sectional area of artery. Error between means
dropped below 0.5% after n > 100

(b) Mean sensitivity given increasing sample size of Gaussian
distribution of artery position relative to electrodes. Error between means dropped below 0.5% after n > 1600

Fig. 5: Convergence plots for number of samples when accounting for uncertainty

Second, there was some uncertainty in the relative position of the electrodes to the artery. With the electrodes
attached to a wristband, such as a watchband, it is reasonable to assume that the wristband will rotate slightly during

Results and Discussion
The optimizer maximized the sum of signal sensitivity
over the cross-sectional area of the artery given the mean position of the artery relative to the electrodes. Performing this
optimization revealed some interesting patterns about positioning of the current carrying (CC+ and CC-) electrodes
relative to the voltage pick-up (PU+ and PU-) electrodes.
Additionally, a rough prototype was created that compares
bioimpedance signal at the initial configuration and the optimized configuration that offers confidence in the results of
the optimizer.
The initial positions and geometries of the electrodes,
relative to the artery are shown in Figures 6. Figure 7 shows
the signal sensitivity as if looking into the cross-section of
the wrist with the cross-section of the radial artery illustrated
by the red circle. When compared to sensitivity at the optimal electrode configuration, as shown in Figure 9, it is apparent that the electrode positions relative to the artery and their
geometries has a large impact on the signal sensitivity, and
the sensitivity can be focused near the artery and minimized
elsewhere.
Table 1 offers a summary of the sum of signal sensitivity given the order of electrodes. The multistarting allowed
us to explore the order of the electrodes and we found that
this was one of the more influential changes to signal sensitivity. Although there were 24 initial electrode orders, we
found that the sensitivity was altered by which electrodes
were adjacent, rather than if any certain electrode was near
the artery or near the edge of the wrist. For example, there
were four combinations where CC- was adjacent to PU+ and
CC+ was adjacent to PU- and they each had nearly identical
signal sensitivity. Thus, Table 1 displays the six combina-

Electrode Order

# of Iter.

Func.
Count

OUU ST

PU- CC- CC+ PU+

41

563

168.8∗

PU+ CC- CC+ PU-

39

516

78.1

PU- PU+ CC+ CC-

13

181

142.5

PU+ PU- CC+ CC-

13

184

117.7

CC- PU+ CC+ PU-

34

449

107.2

CC- PU- CC+ PU+

18

247

152.5

Table 1: The six combinations that report unique sensitivity
values. ∗ When computed deterministically, the top electrode
order reports a sum of sensitivity of 199.3 suggesting that the
uncertainty in artery position is indeed adjusted for

Fig. 6: Initial positions and geometries of the electrodes pictured with the radial artery represented by the red cylinder.
The sum of the sensitivity across 100 points within the artery
is provided in the title of the figure

Optimal Configuration of Electrodes
PU-

CC-

CC+

PU+

Position (cm)

-1.69

-2.16

0.78

-2.69

Width (cm)

0.49

0.44

4.45

0.62

Length (cm)

0.5

0.5

0.5

0.5

Table 2: Best OUU configuration of the electrodes’ positions
and geometries. The position is the center of the electrode in
the x-direction
tions that yielded unique optimal sensitivity values with the
best performing configuration detailed in Table 2.
The optimal electrode geometries were similar for each
electrode order, with one electrode with a large width
(~4.5cm) and the remaining electrodes with widths less than
1cm. The lengths of the electrodes were sometimes modified, but for the optimal configuration, all the electrode
lengths were identical at 0.5cm. The optimal geometric and
positional configuration of the electrodes is shown in Table 2
and visualized in Figures 8 and 9.
Regarding the optimal sensitivity values, because the
objective function was the sum of signal sensitivity at 100
random points throughout the artery, an average sensitivity
can be calculated by dividing the ST by 100. As mentioned
in Section 2, Coulomb’s constant was normalized during this
optimization to scale the current and vector field calculations; therefore, if the S value is multiplied by Coulomb’s
constant (converted to cm4 ) then the resultant sensitivity
value will be in terms of 1/cm4 .
4

Conclusions
The goal of this optimization was to maximize
bioimpedance signal sensitivity at the location of the radial
artery when 4 electrodes are placed on a wristband. As
shown in Figures 6-9, the sensitivity can indeed be focused

Fig. 7: With the electrodes all grouped closely above the
artery (shown as a hollow red circle) the sensitivity is concentrated directly below and around the electrodes. y = 0
represents the surface of the skin and x = 0 represents the
center of the wrist width
at various locations beneath the skin by modifying the position and geometries of the electrodes. An exploration of the
optimization space showed that one key aspect to modifying
signal sensitivity is which CC and PU electrodes are adjacent. The optimal configuration of electrodes was when the
PU- and CC- electrodes were adjacent and the CC+ and PU+
electrodes were adjacent.
To test these results, two prototypes were created and
compared to off-the-shelf optical sensors that simply measure pulse. The first bioimpedance prototype was created
with electrodes in the initial positions shown in Figure 6 and
its signal is shown in Figure 10(a). Its peaks and valleys show
little or no resemblance to those measured by the optical sensor. The second bioimpedance prototype was created with
electrodes in the optimal positions shown in Figure 8 and its
signal is shown in Figure 10(b). The optimal bioimpedance

Fig. 8: At various electrode orders, there was often one electrode that was much wider (~4.5cm) than the rest (~0.5cm).
The optimized electrode widths fill 6cm wrist space available
and reach an optimal OUU sensitivity reported in the title of
the figure

(a) Our impedance sensors, when placed arbitrarily, do not detect a consistent signal from the artery

(b) The impedance sensors, when placed according to the optimal configurations, detect a signal that shows similar peaks
and valleys to that of the optic sensor

Fig. 9: Optimized electrode positions and widths allow the
sensitivity to for initial configuration CC+, PU-, PU+, CCsensor signal picks up more of the peaks and valleys of pulse
that line up with those captured by the optical sensor. This
prototype was encouraging as it showed that the optimized
electrode order, positions, and geometries focused the signal
sensitivity at the artery because it picked up the pulse within
the artery.
As a note, although the optical sensors can sense pulse
quite well, bioimpedance sensors are desirable to use because they can sense other tissue and blood properties besides just pulse.
This optimization exercise utilized the position and 2D
geometries of the electrodes as design variables to focus sensitivity at the artery. Unfortunately, as shown in Figure 9, the
highest sensitivity is still focused near the surface of the skin.
Valuable future research could include exploring if the orientation of electrodes would modify where sensitivity is focused. Additionally, the top of the wrist was modeled herein
as a flat surface, but if the electrodes were allowed to wrap

Fig. 10: A rough prototype of the impedance sensors
was compared to an off-the-shelf optical sensor that simply senses pulse. The comparison of the peaks and valleys from the optic sensor can be compared to those of the
bioimpedance signals to determine if they are sensing the radial artery or other tissue
around the wrist, the optimizer may have more opportunity
to focus signal sensitivity at the location of the radial artery.
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